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ABSTRACT 
Magnesium (Mg) alloys are receiving increasing attention as promising biodegradable 
materials for orthopaedic applications because of their similar mechanical properties 
to natural bone, their excellent biocompatibility and lower densities compared to other 
metallic biomaterials. The principle drawback of Mg alloys in biomedical applications 
is their relatively rapid degradation rate accompanied by large volume of hydrogen 
evolution under physiological conditions, leading to detrimental interactions with the 
human organisms. Despite intense research has been carried out on the improvement 
of corrosion resistance and mechanical properties, there is still a lack of ideally 
biocompatible Mg alloys for biomedical applications. Currently, the Mg alloys 
considered to be used as biodegradable implant materials are mainly existing 
commercial Mg alloys such as AZ and ZK alloys that were originally developed for 
their applications in the transportation industry. However, all of these Mg alloys 
contain aluminium (Al) or manganese (Mn), which has been reported to be cytotoxic 
and over time, leading to adverse reaction with body tissues. One of the most effective 
approaches to the composition design is to carefully select bio-friendly alloying 
elements of Mg alloys with enhanced corrosion resistance, mechanical properties and 
minimised adverse effects on human body after implantation. 
The first part of this study comprehensively reviewed the research progress on the 
development of Mg alloys as biodegradable implant materials, and highlighted the 
effects of alloying elements including Al, calcium (Ca), lithium (Li), Mn, zinc (Zn), 
zirconium (Zr), strontium (Sr) and rare earth elements (REEs) on the corrosion 
resistance and biocompatibility of Mg alloys, from the viewpoint of the design and 
 XIV 
 
utilisation of Mg biomaterials. The REEs covered in this part include cerium (Ce), 
erbium (Er), lanthanum (La), gadolinium (Gd), neodymium (Nd), yttrium (Y), 
dysprosium (Dy) and Holmium (Ho). This part outlined the negative impacts of these 
elements exerting on human body, elucidated the related potential risks of common 
alloying elements and REEs in design of biodegradable Mg alloys, and finally 
concluded that Zr, Sr, Dy and Ho are promising alloying elements of biodegradable 
Mg alloys for biomedical applications. 
The second part of the research focused on the development of novel Mg-Zr-Sr alloys. 
The effects of Zr and Sr on the microstructure, phase constituents and corrosion 
behaviour of the newly developed Mg-xZr-ySr (x= 1, 2, 5 wt %; y= 2, 5 wt %) alloys 
were investigated using electrochemical techniques, hydrogen evolution, and weight 
loss in simulated body fluid (SBF). Results indicated that Zr and Sr concentrations in 
Mg alloys strongly affected the degradation rate of the alloys in SBF. A high 
concentration of 5 wt % Zr led to an acceleration of anodic dissolution, which 
significantly decreased the biocorrosion resistance of the alloys. A high volume 
fraction of Mg17Sr2 phases in the alloys due to the addition of excessive Sr (over 5 
wt %) resulted in enhanced galvanic effects between the Mg matrix and Mg17Sr2 
phases, which reduced the biocorrosion resistance. A new biocorrosion model has been 
established to illustrate the degradation of the alloys and the formation of degradation 
products on the surface of the alloys.  
In the third part of this research, heat treatment (HT) on the cast Mg-5Zr-xSr (x=0, 2, 
5 wt %) alloys was performed in order to minimise the degradation rate of Mg-Zr-Sr 
alloys with high concentration of Zr and Sr. The effects of Mg17Sr2 second phase on 
the corrosion resistance were further clarified. The biodegradable behaviour of the heat 
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treated Mg-5Zr-xSr (HT-Mg-5Zr-xSr, x=0, 2, 5 wt %) in simulated body fluid (SBF) 
over various immersion time intervals was investigated using potentiodynamic 
polarization curves (PPC), electrochemical impedance spectrum (EIS), hydrogen 
evolution (HE) and scanning electron microscopy (SEM). A corrosion model was 
established to analyse the biodegrading mechanisms. It was found that excessive Sr 
addition led to the formation of the Mg17Sr2 phase in Mg-Zr-Sr alloys. The volume 
fraction of the Mg17Sr2 exhibited significant impact on the degradation of Mg-Zr-Sr 
alloys. Heat treatment on cast Mg-5Zr-xSr (x=0, 2, 5 wt %) at 580 oC for 2 hour by 
water quench deteriorated the corrosion resistance of Mg-5Zr and Mg-5Zr-5Sr alloys, 
but resulted in reduction of galvanic effects between the Mg matrix and the Mg17Sr2 
phase of Mg-5Zr-2Sr alloys, and thus improved the corrosion resistance of Mg-5Zr-
2Sr alloys. 
In the fourth part of this study, new Mg based alloys with compositions of Mg-1Zr-
2Sr-xDy (x=1, 1.63, 2.08 wt %) and Mg-1Zr-2Sr-yHo (y=1, 3, 5 wt %) were designed 
and manufactured. These alloys displayed largely enhanced mechanical properties and 
corrosion resistance. In the case of Mg-1Zr-2Sr-xDy alloy, the grain size increased 
with increasing Dy addition. While, the grain size of Mg-1Zr-2Sr-yHo alloys 
decreased with increasing Ho addition. Both Dy and Ho in the Mg alloys mainly 
distributed in the boundary zones. All of the Mg-1Zr-2Sr-xDy and Mg-1Zr-2Sr-yHo 
alloys exhibited lower degradation rate than that of Mg-1Zr-2Sr and pure Mg. 
The results of this study have shown many promising aspects in the mechanical 
properties, microstructure and corrosion resistance due to the addition of Zr, Sr, Dy and 
Ho. The optimal concentrations of Zr and Sr are less than 2 wt % for as-cast Mg-Zr-Sr 
alloys for biodegradable orthopaedic implants. The optimal concentrations of Dy and 
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Ho in Mg-1Zr-2Sr-xDy (x=1, 1.63, 2.08 wt %) and Mg-1Zr-2Sr-yHo (y=1, 3, 5 wt %) 
alloys are 2.08 % and 3.0 %, respectively. This research provides an in depth 
understanding and selection criteria for the composition design of biodegradable Mg 
alloys for biomedical applications. An improved corrosion resistance, enhanced 
mechanical properties and acceptable biocompatibility can be achieved through 
carefully selection of the alloying elements and their concentrations. Meanwhile, future 
research directions are the in vitro and in vivo biocompatibilities of the Mg-Zr-Sr-Dy 
and Mg-Zr-Sr-Ho alloys. 
\
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Chapter 1 
Introduction 
1.1 Motivation behind this project 
Mg exhibits non-toxicity and can even stimulate hard tissue recovery after 
implantation in the human body [1]. This makes Mg and some of its alloys promising 
candidates for biodegradable implant applications. However, current Mg alloys 
degrade rapidly in the electrolytic environment of the human body, resulting in the 
quick deterioration of the mechanical integrity of the Mg alloy implant and, hence, 
inadequate mechanical properties of the implant before the host tissue is sufficiently 
healed [2]. The mechanical properties of Mg alloys in a physiological environment are 
influenced by the corrosion rate because corrosion results in a gradual loss in both the 
structural integrity and the mass of the Mg alloys [3]. Therefore, it is imperative to 
design new Mg alloys with enhanced corrosion resistance for biomedical applications. 
Another concern of Mg alloy implants is the production of hydrogen gas after 
implantation in vivo due to corrosion [4, 5]. The rapid corrosion process of Mg alloys 
in a physiological environment is accompanied by the release of a large amount of 
hydrogen gas, which may cause serious adverse effects in the human body.  
The first application of biodegradable Mg implant can date back to the beginning of 
the 20th century [4]. As early as 1906, Lambotte [6] applied pure Mg as a biodegradable 
implant material to fix a bone fracture. Recent decades have seen studies on Mg and 
its alloys as bio-implant materials become a booming research area. A large number 
of existing and newly developed Mg alloys have been considered for their potential 
use as biodegradable implants, as listed in Table 1.1. Currently, the Mg alloys 
CHAPTER ONE 
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considered to be used as biodegradable implant materials are mainly existing 
commercial Mg alloys that were originally developed for their applications in the 
transportation industry [7]. Mg alloys such as AE21 [8-11], AZ21 [12, 13], AZ31 [3, 
14-16], AZ31B [17-19], AZ91 and AZ91D [3, 20-23] exhibit excellent mechanical 
properties and reasonable corrosion resistance. However, all of these Mg alloys 
contain Al, which has been reported to be cytotoxic and over time, cause adverse 
reaction with body tissues [24].  
The effect of other alloying elements, such as REEs [3, 21, 23, 25-30], Zn [31-41], Zr 
[27, 42-49], Ca [37, 39, 40, 46, 47, 49-59] and Mn [35-37, 60] on the degradation 
behaviour, the mechanical properties and biocompatibility in vitro and in vivo have 
been extensively investigated. However, when Zn and Mn are the principle alloying 
elements, they show high cytotoxicity, which leads to genotoxicity and the suppression 
of the cell viability [23, 31]. Some REEs such as cerium (Ce) [61], lanthanum (La) 
[62] and neodymium (Nd) [63]exhibit potential cytotoxicity. High contents of Ca and 
Zr in Mg alloys could result in a poor corrosion resistance [47, 48, 51]. It is essential 
that an ideal biodegradable implant material has an appropriate degradation rate and 
excellent biocompatibility. Therefore, new alloying elements for biodegradable Mg 
alloys, such as Sr, have been investigated recently [48, 56, 64-69]. It has been reported 
that Sr promotes bone cell growth and is of benefit to postmenopausal osteoporosis as 
it increases bone formation [70, 71]. The effect of Sr on bones, muscles and the heart 
have been studied systemically [71-73], and is already considered to be a promising 
element and therefore introduced into new Mg alloys for biomedical applications [74, 
75]. New Mg alloys such as Mg-Sr [64-66] and Mg-Zr-Sr [48] have been developed 
that take into consideration the biocompatible benefits of Sr and Zr. It has been 
 - 3 - 
 
Table 1.1 Recent research of Mg alloys as biodegradable biomaterials. 
Mg alloys Compositions* In vitro/in vivo model Refs 
AE21 2 % Al, 1 % REEs (Ce, Pr, Nd) EIS in 0.1 M NaCl solution, stent in coronary artery of pigs [8, 9] EIS in 0.1 M NaCl solution [10, 11] 
AZ21 2 % Al, 1 % Zn Rat stromal cells, weight loss in culture media [12] EIS, PPC and H2 evolution in 1 M NaCl solution [13] 
AZ31 3 % Al, 1 % Zn Degradation rate and bone formation in guinea pigs [3] EIS and PPC with different grain size in phosphate buffer, SBF and NaCl solutions [14-16] 
AZ31B 
2.94 % Al, 1.06 % Zn, 0.48 ˁ Mn pH, degradation rate in rabbits and Hank’s solution [17] 
3 % Al, 1 % Zn Degradation in VX2 tumor tissue and muscle tissue of rabbits [18] EIS and PPC in 3.5 % NaCl solution [19] 
AZ91, 
AZ91D 
9 % Al, 1% Zn 
PPC in a borax-phosphate buffer solution, degradation rate and bone response in guinea 
pigs [3, 21] 
PPC in SBF [22] 
H2 evolution, weight loss and PPC in Hank’s solution [23] 
Rabbits [20] 
LAE442 4 % Li, 4 % Al, REEs (1 % Ce, 0.4 % La, 0.3 % Nd, 0.1 % Pr) 
PPC in a borax-phosphate buffer solution, degradation rate and bone formation in guinea 
pigs [3, 21] 
Blood analysis and histopathology, degradation in rabbits [25] 
WE 
4 % Y, REEs (2.1 % Nd, 0.2 % Ce, 0.2 % 
Dy, 1 % La) 
Degradation rate and bone response in guinea pigs [3] 
Coronary artery of minipigs [26] 
5 % Y, REEs (2.89 % Nd, 0.72 % Gd) H2 evolution, weight loss and PPC in Hank’s solution [27] 
ZE41 
4.7 % Zn, REEs (1.06 % Ce, 0.1 % Gd, 
0.52 % La, 0.1 % Nd, 0.13 % Pr, 0.13 % 
Y) 
H2 evolution, weight loss and PPC in 0.1 M NaCl and Hank’s solutions [23, 28, 85] 
ZK30 3 % Zn, 0.6 % Zr 
Hank’s solution, cytotoxicity by rabbit bone marrow stromal cells [27] 
Cells culture medium [42] 
H2 evolution and mass loss in medium with Earle’s balanced salts, cytotoxicity by rat 
bone marrow stromal cells [43] 
ZK60 6 % Zn, 0.6 % Zr 
Hank’s solution, cytotoxicity by rat bone marrow stromal cells [27] 
PPC in Hank’s solution and culture medium; murine fibroblast cells (L-929) and human 
osteosarcoma cells (MG63) cells [44] 
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Immersion test in Hank’s solution; Chinese hamster cells [45] 
MgCa 
0.8 %Ca Rabbits, degradation analysis by micro-computed tomography [50] 
1 - 3 % Ca PPC in SBF, cytotoxicity by L929 cells culture [51] 
5 – 10 % Ca Adult male Sprague-Dawley rats [52] 
0.5 - 20 % Ca Immersion test in SBF, cytotoxicity by SaOS2 osteoblast-like cells [53] 
Mg-Y 8 % Y PPC in 3.5 % NaCl solution [29] 4 % Y EIS and PPC in SBF, subcutaneous tissue of the nude mice [30] 
MgZn 6 % Zn EIS, PPC and immersion tests in SBF, cytotoxicity by L929 cells culture, rabbits [32, 33] 1 % Zn Human bone marrow stromal cells culture, rabbits [34] 
Mg1%X X = Al, Ag, In, Mn, Si, Sn, Y, Zn, Zr Hank’s solution and SBF, L929, MC3T3-E1, ECV304 and VSMC cells [31] 
MgZnMn 1.2 % Mn, 1.0 % Zn The femora of the rats, blood test, serum creatinine, uric acid [35] 4 % Zn, 1% Mn Composition (phases and microstructure) [36] 
MgZnX 
2 % Zn, 0.2 % X 
(X = Ca, Mn, Si) 
Ringer’s physiological solution [37] 
MgZnY 1, 2 % Y, 2 % Zn, 0.25 % Ca, 0.15 % Mn EIS and PPC in SBF, human umbilical vein endothelial cells / pigs [38] 7% Y, 0.5% Zn Immersion tests in SBF and Hank’s solution, EIS and PPC in SBF [41] 
MgBiX 5 % Bi, X = 1 % Ca, 1 % Si Hank’s solution/ rabbits [54] 
MgCaZn 
66 %Zn, 30 %Ca; 70%Zn, 25 %Ca SBF; cytotoxicity by L929 and MG63 cells [39] 
2 % Zn, 0.2 % Ca PPC and EIS immersion in Ringer’s physiological solution [37] 
10 - 30%Zn, 1 % Ca PPC in SBF, cytotoxicity by L929 and MG63 [55] 
MgCaY 1 %Ca, 1 %Y SBF, cytotoxicity by SaOS2 osteoblast-like cells [53] 
MgCaSr 0.5 - 7 % Ca, 0.5 - 3.5 % Sr Hank’s solution, mouse osteoblastic cells [56] 
MgCaZr 0.5, 1 % Zr, 0.5, 1 % Ca Immersion tests in SBF, osteoblast-like SaOS2 cells [46] Immersion tests in SBF, osteoblast-like cells [47] 
MgSr 1 - 4 % Sr 
Immersion tests in Hank’s solution, EIS and PPC in SBF; MG63 cells culture/3 month 
old mice [65] 
0.5 - 1.5% Sr HUVEC cells/dog femoral artery [64] 
MgSrZn 
2 - 4 % Zn, 0.5 % Sr HUVEC cells/dog femoral artery [64] 
4% Zn, 0.15%̚1.5 % Sr Immersion tests in cell culture media, cytotoxicity by H9 human embryonic stem cells [69] 
MgSrZr ≤ 5 % Zr, ≤ 5 % Sr PPC in SBF, osteoblast-like SaOS2 cells culture, hemolysis test/rabbits [48] 
*Balance of Mg, EIS: Electrochemical impedance spectroscopy, PPC: potential polarization curve. 
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demonstrated that an appropriate amount of Sr and Zr can improve the mechanical 
properties, corrosion behaviour and biocompatibility of Mg alloys [48]. Despite 
significant progresses have been achieved in the research of biodegradable Mg alloys, 
there are still very limited Mg-based implants in clinical applications [26]. New Mg 
alloys with enhanced corrosion resistance and excellent biocompatibilities are highly 
desirable for biomedical applications. When designing an Mg alloy for degradable 
implants, reducing the degradation rate and improving biocompatibility are important 
factors to be considered in future research directions. Understanding the corrosion 
mechanism and its effect on the biocompatibility of Mg alloys is a precondition for the 
development of biodegradable Mg alloys for biomedical applications. 
1.2 Main aims 
The aims of this Ph.D. project were to develop new Mg alloys using alloying for 
achieving the properties of enhanced corrosion resistance, acceptable biocompatibility 
and improved mechanical properties. In the new Mg alloys, 
(1) Development of newly biodegradable Mg alloys with biocompatible alloying 
elements. 
The alloying element, Zr was used to improve the mechanical properties and corrosion 
resistance. While, the addition of Sr increased the biocompatibility and trigger the 
formation of new osteoblasts for human hard tissues.  
(2) To investigate the effects of Zr and Sr on the microstructure, mechanical properties 
and corrosion behaviour. 
The best composition of Mg-Zr-Sr alloys could be optimized by the evaluation of 
mechanical properties and corrosion resistance. 
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(3) To understand the corrosion mechanism of Mg-Zr-Sr alloys. 
A new model was established to illustrate the corrosion mechanism of Mg-Zr-Sr alloys. 
(4) To investigate the effects of second phase on the corrosion behaviour of Mg-Zr-Sr 
alloys. 
Mg-Zr-Sr alloy specimens with various Sr content was used in this study. Heat 
treatment was applied on the cast Mg-Zr-Sr alloys to change the volume fraction of 
second phase.  
(5) To evaluate the effects of REEs additions such as dysprosium (Dy) and Holmium 
(Ho) on the corrosion behaviour and mechanical properties of Mg-Zr-Sr alloys based 
on the optimized composition of Mg-Zr-Sr alloys and to identify the effects of REEs 
additions on the microstructure, mechanical properties and corrosion behaviour of Mg 
alloys. 
Quaternary Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho alloys could be developed by adding Dy 
and Ho based on the optimized composition of Mg-Zr-Sr alloys. The best composition 
of Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho alloys could be optimized by the evaluation of 
mechanical properties, corrosion resistance and biocompatibility. 
1.3 Thesis structure 
This thesis is scientifically organized in 8 chapters as follows: 
Chapter 1 Introduction introduces the motivation and scope of this Ph.D. project. 
Chapter 2 Literature Review on Biocompatible and Biodegradable Magnesium 
alloys comprehensively reviews research progress on the development of Mg alloys 
as biodegradable implant materials, highlighting the effects of commonly used 
alloying elements and rare earth elements on the corrosion resistance and 
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biocompatibility of Mg alloys, from the viewpoint of the design and utilization of Mg 
biomaterials. The effects of alloying elements on the microstructure, corrosion 
behaviour and biocompatibility of Mg alloys have been critically summarized based 
on specific aspects of the physiological environment, namely the electrochemical 
effect and the biological behaviour. 
Chapter 3 Materials and Methodology presents information on materials used in 
this project for the investigation, processing, characterization techniques, and the 
testing procedure. The methodological details unique to specific chapters are described 
as required in the relevant chapter. 
Chapter 4 Biocorrosion of Mg-Zr-Sr alloys for Biodegradable Implant 
Applications presents the results of characterization studies completed on the newly 
developed Mg-Zr-Sr alloys. The results show that the addition of Zr and Sr can 
significantly improve the corrosion resistance by controlling their concentrations. A 
new model was established in this chapter to illustrate the corrosion mechanism of 
Mg-Zr-Sr alloys. 
Chapter 5 Effects of Second Phase on the Corrosion Behaviour of Mg-Zr-Sr 
alloys presents the effect of second phase on the corrosion of Mg-Zr-Sr alloys. Heat 
treatment was applied on the Mg-Zr-Sr alloys with various Sr content to change the 
volume fraction of second phase. A model was established to illustrate the corrosion 
process of Mg-Zr-Sr affected by the second phase.  
Chapter 6 Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho Alloys for Biodegradable Implant 
Materials depicts two groups of new Mg-Zr-Sr-REEs (Dy and Ho) alloys developed 
based on the optimized composition of Mg-Zr-Sr alloys. The effects of Dy and Ho on 
the microstructure, mechanical properties, corrosion resistance and biocompatibility 
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were comprehensively investigated in this chapter. The results show great potential of 
these quaternary Mg alloys in corrosion resistance for biodegradation implant 
materials. 
Chapters 7 Conclusions depicts the main conclusions from this study, and Chapter 
8 Suggestions for Future Work presents some recommendations for the future 
research. 
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Chapter 2 
Literature Review on Biocompatible and 
Biodegradable Magnesium alloys 
2.1 Factors influencing Mg corrosion 
Mg is susceptible to the physiological environment due to the lowest standard potential 
-2.38Vnhe of all engineering metals [76]. However, the actual corrosion potential of 
Mg varies dependent upon other factors such as environment and surface status. Song 
[81] found that the corrosion potential of Mg in dilute chloride solutions is usually -
1.7Vnhe, and the surface film of Mg(OH)2 largely determines the corrosion kinetics of 
Mg. Hence to meet the requirements for implant applications, it is vital to understand 
the factors that affect the corrosion rate of Mg alloys.  
2.1.1 Physiological environment 
It has been known that the corrosion behaviour of materials always refers to some 
specific environments. In the case of biodegradable implants, they would be working 
in a particular environment. Figure 2.1 presents a schematic illustration for the Mg 
implants influenced by the body fluid. After implantation, Mg alloy implants are 
exposed to an environment which consists of blood, protein and other constituents of 
the body fluid such as chloride, phosphate, bicarbonate ions, cations (Na+, K+, Ca2+, 
Mg2+ etc.), organic substances of low-molecular-weight species, relatively high 
molecular-weight polymeric components, as well as dissolved oxygen. This 
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physiological environment makes an extremely complex corrosive medium [77]. 
Consequently, experiments on Mg alloys were mainly carried out in vitro using 
different methods, such as electrochemical corrosion measurements, biocompatibility 
assessments and hemolysis testing etc. in simulated body fluid (SBF) prior to in vivo 
tests, with the aim of providing basic information for biomedical applications. 
 
Figure 2.1 Schematic presentation of the influence of physiological environment on 
the corrosion of Mg implant. 
The physiological environment significantly affects the experimental results of 
corrosion behaviour and biocompatibility. Corrosion of Mg alloys exhibits different 
corrosion parameters in different SBFs [78]. It has been reported that adding an 
albumin into the SBF could influence the corrosion rate of Mg alloys, because a protein 
layer adheres to the Mg alloy surface and acts as a barrier between the material and 
physiological environment [79]. but nevertheless, protein contains various metal 
cations that accelerate the corrosion rate to some extent [59, 80]. Changes in the pH 
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values also significantly influence the corrosion of the reactive materials such as Mg 
alloys although the pH of the intercellular fluid usually maintains at neural, this value 
changes from 2.0-8.0 depending on the location in the human body and as a result of 
trauma such as injury, surgery, diseases, etc. In relation to the experiment in vitro, it is 
critical to maintain the pH value as it will typically exceed the physiological range 
before any significant information is provided. This is due to the increasing OH- in the 
experimental solution that leads to non-realistic environment, and will have a 
significant impact on the corrosion rate [81]. Therefore, it is important to take these 
factors into consideration in interpreting the results from corrosion experiments. 
 
Figure 2.2 Microstructure of Mg-Zr-Sr alloys. (a) Mg-1Zr-2Sr, (b) Mg-5Zr-2Sr, (c) 
Mg-2Zr-5Sr [48]. 
2.1.2 Microstructure and surface properties 
It is well known that the corrosion behaviour of Mg alloys is significantly influenced 
by the microstructure, such as grain size, boundary and phase distribution. Grain 
refinements lead to changes in boundary density and distribution, which alter the 
mechanical properties and also influence the corrosion behaviour of Mg alloys. Izumi 
et al. [82] studied the influence of grain size on corrosion behaviour of Mg-Zn-Y alloys 
that were prepared by rapid solidification at different cooling rates. They indicated that 
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the corrosion of Mg-Zn-Y alloys depended on the grain size. A decrease in the grain 
size retarded the occurrence of filiform corrosion, attributing to the grain refinement 
and the formation of a supersaturated solid solution of single α-Mg phase in the alloys. 
Compared to hot-extruded AZ31B alloys, the fine-grained AZ31B alloys exhibited a 
higher corrosion resistance [83]. One of the explanations for the enhanced corrosion 
resistance with finer grains is that grain refinement may help to relieve the stress on 
surface film due to the mismatch between Mg oxide and underlying Mg metal substrate. 
However, there are some studies also reported that the corrosion resistance deteriorates 
as the grain size decreases [9, 48, 84, 85]. Minarik et al. [9] found that AE21 alloys 
with smaller grain size showed the deteriorative corrosion resistance after treatment of 
equal channel angular pressing (ECAP). A similar decrease in corrosion resistance was 
observed in the pure Mg after strain-induced grain refinement [84]. Li et al. [48] 
investigated the corrosion behaviour of Mg-Zr-Sr alloys with various grain sizes as 
shown in Figure 2.2. They found that Mg-5Zr-2Sr (wt. % hereafter) alloy showed a 
finer grain size and exhibited lower corrosion resistance in SBF, compared to other 
alloys. These studies indicated that the mechanism by which grain size influences the 
corrosion behaviour of Mg alloys is still under debate. Further studies are needed to 
achieve an in-depth understanding of the effect of grain size on corrosion. 
2.1.3 Second phase and galvanic corrosion 
Mg is chemically reactive and can react with other alloying elements to form second 
phases (intermetallic compounds), which precipitate along the grain boundaries and 
segregate the Mg grains. These phases have a pronounced influence on the properties 
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Figure 2.3 Volume fraction of secondary phases with the addition of La, Ce and Nd in 
Mg–REEs alloys [87]. 
of Mg alloys. For example, as can be seen from Figure 2.2 that the grain boundaries 
of Mg-2Zr-5Sr become rough and broad with increasing Sr addition from 2% to 5%, 
which indicated more second phases formed and distributed along grain boundaries. 
Li et al. [48] found that with increasing addition of Sr to Mg-Zr-Sr alloys, the 
compressive yield strength increased while the corrosion resistance was decreased 
compared with other alloys. In fact, many studies [39, 56, 86] revealed that the 
properties such as corrosion behaviour, mechanical properties etc. in many cases 
depended on the volume fraction of secondary phase which was determined by the 
alloying elements concentration in Mg alloys. Figure 2.3, which was derived from 
Birbilis et al.’s study [87] shows the results in terms of providing values for the volume 
fraction of second phases with the addition of rare earth elements lanthanum (La), 
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cerium (Ce) and neodymium (Nd). It was obviously that the percent second phase 
ascended with the increasing alloying elements concentration. In the case of Nd 
additions, the volume fraction of second phase reached as high as 30 %, whereas for 
La the maximum percent of 10 % was found. These second phases (Mg12La, Mg12Ce 
and Mg3Nd) exhibited a continuous network along the grain boundaries in the high 
alloying elements content alloys, and they tended to be thermodynamically stable than 
the Mg matrix resulted in acceleration in the cathodic reaction and inhibition in the 
anodic reaction in the polarization test. 
 
Figure 2.4 Galvanic effect between the Mg matrix and secondary phase resulted in 
accelerated corrosion of Mg alloys. 
A high Zn content in alloys like Mg-Zn alloys is associated with an appreciable amount 
of second phase, which is MgxZny [88] that precipitated along the grain boundaries. 
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Song et al. [89] found that the volume of MgxZny raised with increasing Zn 
concentration, and the MgxZny phase acts as the cathode in the micro-galvanic system 
between MgxZny phase and Mg matrix, thus accelerated the corrosion of Mg matrix. 
A biocorrosion model at the alloy/SBF interface was illustrated to understand the 
influence of second phase on the corrosion of Mg alloys, as shown in Figure 2.4. When 
alloys was immersed in SBF, the surface was attacked by the ions such as chloride, 
phosphate anion, etc. The internal second phase like Mg17Sr2 and Mg12Ce acted as an 
cathode for hydrogen evolution [90]. The degradation of Mg matrix accelerated due to 
the coupled galvanic effects between Mg matrix and second phase. Precisely, second 
phases in Mg alloys possess different electrochemical potentials. If the phases have 
more positive potential than that of Mg matrix, there will be many galvanic cells that 
further influence the corrosion behaviour of Mg alloys. Furthermore, second phases 
may have complicated influence on the corrosion of Mg alloys particularly for that of 
ternary alloys with multiple elements additions such as Mg-5Al-xSr alloys [67]. The 
Mg alloy used consisted of Sr-containing phases, such as AlSr, Al4Sr and Mg17Sr2, 
formed by a reaction of Sr with Al and Mg. This was expected to result in a decrease 
in the amount of Mg17Al12 in the Mg alloy, leading to an enhancement in the corrosion 
resistance of the Mg alloy in the simulated body fluid. However, with the increase in 
the Sr added, a limb growth of Mg17Sr2 phase was observed for the Mg-Al-1.5 %Sr 
alloy that resulted in a decrease in the corrosion resistance compared to that of the Mg-
Al-1 %Sr alloy. Overall, it can be concluded that the volume fraction, distribution and 
electrical potential of the second phases significantly affect the corrosion behaviour of 
Mg alloys. 
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2.1.4 Surface layer 
The corrosion of Mg alloys in aqueous environment has been generally considered as 
an electrochemical reaction with water in producing oxidation products MgO and 
Mg(OH)2. Song et al. [76]reported that the surface layer mainly composed of Mg(OH)2, 
as MgO can react slowly with water to form Mg(OH)2, which can provide some 
protections for Mg alloys, restarting further corrosion. Zhu et al. [91] investigated the 
relationship between Mg(OH)2 and the corrosion rate of AZ31 alloy when immersed 
in Hank’s solution for 31 days. It showed that at the initial corrosion stage, an 
Mg(OH)2 layer grows on the surface of the Mg alloy, which effectively decreases the 
corrosion rate in Hank’s solution. However, when the immersion time was prolonged, 
Cl- attacked the Mg(OH)2 layer and reduced the layer thickness gradually. Some tiny 
cracks appeared on the film after 7 days immersion, which indicated the occurrence of 
pitting corrosion. This study indicated that although the Mg(OH)2 layer would 
eventually be damaged, it was still able to provide short-term protection. Bornapour et 
al. [66] found that Sr-hydroxyapatite (HA) formed on the surface of Mg-Sr alloy after 
immersion in SBF for 3 days. This layer has been proved to improve the bio-activity 
and biocorrosion resistance of the Mg alloy [92, 93]. These results revealed that the 
corrosion of Mg alloys always leads to the formation of reaction products of the metal 
ions and environment on the surface of the alloy, which slows down the corrosion 
process. 
2.2 Effects of alloying elements on corrosion behaviours of Mg alloys 
The most common alloying elements of Mg alloys are Al, Ca, Li and Mn etc. These 
alloying elements can react with Mg or among each other to form intermetallic phases. 
These intermetallic phases distribute along the grain boundaries or dissolve in the Mg 
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matrix, influencing the microstructure, mechanical properties and corrosion behaviour, 
as listed in Table 2.1. It can be seen that some elements such as Mn, Er, Ce, La and 
Nd improve the corrosion resistance of Mg alloys. For some other elements such as 
Ca, Zn, Zr and Sr, their influence on the corrosion resistance depends on the content 
of the element: when the content is high, the corrosion resistance deteriorates, whilst 
when the content is low, they slow the corrosion rate of the Mg alloys. The corrosion 
resistance of Mg alloys is always reduced in the presence of the element Li. The effects 
of the elements of Gd and Y on the corrosion of Mg alloys are still not well understood 
and there are disputed conclusions regarding their influence on corrosion behaviour. 
Overall, further studies are needed to elucidate the effects of alloying elements on the 
properties of Mg alloys from the view of corrosion mechanism in order to provide the 
comprehensive insight required to develop new Mg alloys alloyed with elements 
beneficial to corrosion resistance.  
2.2.1 Effect of Al on corrosion behaviours of Mg alloys  
Al is the most commonly used alloying element of Mg alloys in modifying the 
mechanical properties and corrosion resistance [13, 14, 23, 94]. The addition of Al 
leads to significant grain refinement. Adding small amounts of Al (1- 5 %) results in a 
transition to equiaxed grains and a significant reduction in grain size. Increasing Al 
content to above 5 % does not further affect the grain size [95]. In general, Al is partly 
dissolved in the Mg solid solution and partly precipitated as the second phase of 
Mg17Al12 along grain boundaries in a form of a continuous network [96] or lamellar 
growth [67]. The as-cast Mg-Al alloy exhibits α-Mg matrix and β phase mainly 
consisting of Mg17Al12 phase and eutectic Mg phase along the dendrite boundaries. 
With the decreased temperature from eutectic point, the eutectic α phase has a 
tendency to transform into a lamellar α+β microstructure. Cao et al. [97] found that the 
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yield strength of as-cast Mg-Al alloys is mainly determined by the grain size and the 
dendrite arm spacing. The Mg17Al12 phases increase with increasing Al content, and 
show a net-shaped distribution when the content of Al is above 10 %, resulting an 
increase in the yield strength of the Mg alloy. During a tensile test, the Mg17Al12 phase 
will be broken before any plastic deformation can occur. A typical AZ91D alloy 
consists of an Mg matrix (α phase) with a large fraction of the segregating second 
phase Mg17Al12 (β phase) along grain boundaries [98]. These phases have different 
electrode potentials. When they make contact in an electrolyte, the Mg17Al12 phase 
exhibits a passive behaviour, acting as the cathode with respect to the α-phase of the 
Mg matrix, which accelerates the corrosion of the Mg alloy. However, due to the inert 
behaviour, the Mg17Al12 phase itself acts as a corrosion barrier, reducing the corrosion 
of the AZ91D alloys [96, 99-102]. Song et al. [90] investigated the corrosion behaviour 
of both the α phase and the β phase in the AZ91 alloy. They suggested that if the β 
phase possesses the higher fraction volume and is distributed as a network along the 
grain boundaries, it might act as the barrier surrounding the α-Mg matrix, thus reducing 
the corrosion of the Mg alloy. Once the network of the β phases breaks down after a 
deformation process, or is destroyed and distributed discontinuously in the Mg matrix, 
the action as a barrier is undermined, resulting in accelerated corrosion [96, 102]. 
2.2.2 Effect of Ca on corrosion behaviours of Mg alloys  
Ca is essential for living organisms and is a major component in human bone, 
presenting in the form of hydroxyapatite (HA). In particular, it has a low density 1.55 
g cm-3, which gives the Mg-Ca alloy an advantage because of its similar density to 
bone [51]. Ca shows great grain refining effect on Mg alloys. The grain size reaches a 
stable level with the addition of 0.5 % Ca, and decreases slightly with any further 
addition of Ca [53]. As a result of these characteristics, Ca has been introduced to Mg 
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alloys in the expectation that the mechanical properties, corrosion resistance and 
biocompatibility of the Mg alloys will be improved [50, 51, 53]. Li et al. [53] 
investigated the binary Mg-Ca alloys with various Ca concentrations ranging from 0.5 
to 20 % for biomedical applications. An increase in the Ca addition resulted in a high 
content of the second phase of Mg2Ca, distributed along the grain boundaries. The 
second phase of Mg2Ca is brittle and as a result, the ductility of Mg-Ca alloys 
deteriorates with increasing Ca concentration. The Mg-Ca alloy exhibited a limited 
ultimate strain under a compression of 1.7 % with the addition of 20 % Ca. The 
increasing volume fraction of the second phase significantly influences the corrosion 
behaviour of Mg alloys. A high volume fraction of the second phase of Mg2Ca causes 
the corrosion resistance of the Mg-Ca alloy to be depraved due to the formation of 
micro-galvanic cells [103]. It can be concluded that the addition of excessive Ca 
accelerates the corrosion of Mg-Ca alloys, and that the optimum concentration of Ca 
should be ≤ 1.0 % [51, 53]. It also indicated that a mixture of Mg(OH)2 and an HA 
protective layer precipitated on the surface could inhibit further corrosion of the Mg-
Ca alloys [51].  
2.2.3 Effect of Li, Mn and Zn on corrosion behaviours of Mg alloys 
Mg-Li alloys are remarkably malleable and ultralight due to the alloying element of 
Li, which is the lightest metal [104]. According to the Mg-Li phase diagram, a large 
content of Li can be alloyed into Mg [7, 94]. Li can react with Mg to form Mg-Li 
phases, which enhance the deformability of binary Mg-Li alloys. Li possesses higher 
activity than Mg, and it has pronounced influence on the corrosion resistance. Li 
concentration in pure Mg below 9 % is beneficial to the corrosion resistance. However, 
with the increasing Li addition, it significantly accelerated corrosion rate which is 
detrimental to the corrosion resistance of Mg alloys [105-107]. Bialobrzeski et al. [107] 
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demonstrated that the addition of Li in Mg alloys resulted in the formation of a thin 
film, which showed protective effect on the corrosion resistance. However, with the 
increasing addition of Li, an intense reaction proceeded on the surface, and the reaction 
was not be capable of arresting the adhesion at the interface thus depraved the 
corrosion resistance. Thus, by means of the excellent enhancement of corrosion 
resistance of Al and some REEs, Li is usually used in combination with Al [78] and 
REEs [25] in order to minimize the deterioration effect on the corrosion of Li. 
Mn is a widely used alloying element in Mg alloys (see Table 1.1). The grain size of 
the Mg-Al-Mn alloy decreases with increasing Mn. When Mn additions reach 0.4 % 
or more, the grain size remains constant [7]. It has been reported that the addition of 
Mn in Mg alloys can refine the grain size, improve the tensile strength and enhance 
the fatigue life of extruded AZ61 [108], AZ31 [109] and AZ21 [110] alloys. Mn does 
not react with Mg, but Mn-based intermetallic particles can be formed when there is a 
high Mn content in Mg alloys, thus influencing the fatigue properties, as the nucleation 
of fatigue attack occurs easily at microstructural in homogeneities [111]. Song et al. 
[90] suggested that Mn itself does not improve the corrosion resistance, although it is 
usually added to some Mg alloys, especially for the AZ series alloys. The role of the 
Mn addition in the AZ series alloys is considered to be the transformation of iron (Fe) 
and other impurities into harmless intermetallic compounds. However, a high 
concentration of Mn causes deterioration in the corrosion resistance of Mg-Al alloys 
because the formation of a large amount of Mn-containing intermetallic in Mn-Al 
phases. The produced intermetallic accelerates the corrosion of the Mg matrix due to 
the galvanic effects. Gu et al. [31] studied the corrosion behaviour of binary Mg-Mn 
alloys in SBF and Hank’s solution using hydrogen evolution and potentiodynamic 
polarization. Nam et al. [112] investigated the corrosion behaviour of Mg-5Al-xMn 
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alloys with various amounts of Mn. Both studies suggested that 1 % of Mn addition is 
beneficial as it enhances the corrosion resistance of Mg-Mn alloys. 
Like Mn, Zn can also transform impurities such as Fe and Ni, affecting the corrosion 
of Mg alloys into harmless intermetallic compounds [90]. There has been considerable 
research into the corrosion of Mg-Al-Zn alloys, and it has been found that the addition 
of Zn is associated with the formation of second phases and grain refinement, thus 
influencing the mechanical properties and corrosion behaviour of Mg alloys [27, 88, 
89, 113, 114]. Yin et al. [115] found that when the Zn content reaches 3 % in Mg-Zn-
Mn alloys, a second phase of Mg-Zn intermetallic compound precipitated from the Mg 
matrix, which improves the strength through a dispersion strengthening mechanism. 
However, the elongation decreases due to the increased dislocation density and 
substructure. Zn has also been used in various ternary Mg-Zn-X (X: Ca, Si, Zr) alloys 
[37, 39, 116]. These studies showed that the corrosion resistance of Mg alloys will be 
enhanced by the addition of Zn. There is also an opinion that excessive Zn addition is 
detrimental to the corrosion resistance of Mg alloys. Song et al. [89] investigated the 
effects of the addition of Zn on the corrosion behaviour of Mg alloys in a 3.5 wt. % 
NaCl solution. They found that the micro-galvanic effect played the dominating role 
in the corrosion of Mg-Zn alloys. The volume fractions of Mg-Zn second phases 
increased with the addition of excessive Zn. The high volume fraction of the Mg-Zn 
phases acted as cathodes, accelerating the corrosion of the α Mg matrix around the 
Mg-Zn phases. The optimal content of Zn in Mg alloys should be less than 5.0 % based 
on their studies [89]. These investigations suggested the actual effects of Zn additions 
on the corrosion resistance depends on the composition of Mg alloys. Different Zn-
containing phases may formed in Mg alloys with multiple elements additions, leading 
to the varied influence on the corrosion. 
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2.2.4 Effect of Zr and Sr on corrosion behaviours of Mg alloys  
Although Zr has a relatively low solubility in Mg matrix, it can significantly inhibit 
the growth of crystal grain in solidification because the undissolved Zr particles act as 
the nucleation sites during solidification, leading to extremely fine-equiaxed grains 
with a distinct hexagonal shape [95]. Zr itself has excellent corrosion resistance to 
alkalis, acids, salt water and other agents, and it has been utilized as an alloying 
element in Mg alloys combined with other popular alloying elements such as Zn to 
refine grain size and enhance the corrosion resistance [45, 117]. Another unique 
property of Zr, making it attractive, is the protective effect of its oxide film [118]. The 
films formed on binary Mg-Zr alloys after immersion in a borate buffer solution are 
composed of Zr-Mg double oxyhydroxide enriched with Zr cations. This Zr-Mg 
double oxyhydroxide acts as a barrier to inhibit the corrosion of Mg-Zr alloys. 
Sr does not show an obvious grain refining effect of the Mg-xZr-ySr alloys (x, y ≤ 
5 %), but it significantly enhance the osteoblastic activity and bone formation in vivo 
[48]. As such, Sr has been considered as a promising biocompatible alloying element 
of Mg alloys [48, 64-66]. Li et al. [48] comprehensively investigated the Mg-Zr-Sr 
alloys for biomedical applications both in vitro and in vivo. They demonstrated that 
the addition of excessive Sr (above 2 %) in Mg-Zr-Sr alloys resulted in rough 
boundaries distributed by a fine Mg17Sr2 second phase. This Mg17Sr2 phase may cause 
galvanic effects in the Mg-Zr-Sr alloys, leading to accelerated corrosion of the Mg 
matrix. Nam et al. [67] studied the combined effects of Sr and Al on the corrosion 
behaviour of Mg alloys with various Sr contents. Their results indicated that the 
addition of Sr to a base material of Mg-5Al alloy had a significant influence on grain 
boundaries, corrosion resistance and surface film. The formation of the Mg17Al12 phase 
at the grain boundaries was inhibited by the precipitation of Mg-Sr and Al-Sr phases; 
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and the Sr addition was beneficial to the formation of an Al(OH)3 protective film on 
the surface of the Mg alloy. Bornapour et al. [66] found that a Sr-HA layer, formed on 
the surface of the binary Mg-Sr alloy after immersion in SBF, enhanced the corrosion 
resistance. Li et al. [48] demonstrated that the Sr addition should be 2 % or less, which 
ensures a significantly reduced corrosion rate of the Mg-Zr-Sr and Mg-Sr alloys. 
2.2.5 Effects of rare earth elements (REEs) on corrosion behaviours of Mg 
alloys  
REEs are originally isolated as oxides from rare minerals, defined as a group of 
seventeen chemical elements in the periodic table, especially the fifteen lanthanides 
with scandium (Sc) and yttrium (Y) as they tend to deposit in the lanthanides and show 
similar chemical features [119]. In recent studies, some REEs in Mg alloying elements 
showed encouraging functions, such as enhancing corrosion resistance, and improving 
the mechanical properties and electrochemical behaviour as a result of the grain 
refinement and formation of second phases [25, 78, 120-123]. 
The addition of Ce is generally believed to have a beneficial effect on the corrosion of 
Mg alloys [106, 124, 125], particularly for commercial Mg-Zn-Zr alloys (ZK alloys) 
[126] and Mg-Al-Zn (AZ) alloys [127-129]. In the case of ZK alloys, Mg12Ce and 
Mg17Ce2 phase precipitate distribute along grain boundaries, and thus decrease the 
grain size effectively. In Mg-Al-Ce alloys, Ce particles aggregate at the interface of 
solid-liquid during solidification, leading to a reduction in the atomic diffusion rate. 
As such, the growth of Mg matrix grains is inhibited. During solidification, Al-Ce 
phases formed and distributed along grain boundaries, and they can block the 
boundaries sliding effectively during deformation. The Al-Ce particles also show 
pronounced effects on the corrosion of Mg-Al-Ce alloys. When the alloy contains a 
CHAPTER TWO 
24 
 
high Ce content, Al11Ce3 acicular particles act as a micro-galvanic cathode relative to 
the Mg matrix, and form a network surrounding the Mg matrix, and thus, delays the 
corrosion of Mg alloys. In this micro-galvanic system, the potential difference between 
the Al-Ce phase and Mg matrix is relatively small, and the Al-Ce phase shows 
passivation in a wide range of pH, which further retards the corrosion of Mg alloys. 
Liu et al. [130] also suggested that the decreased corrosion rate of Mg alloys with the 
Ce addition may be due to the suppressive micro-galvanic corrosion in AZ91Ce alloys. 
Similar to other REEs, erbium (Er) has also been used in Mg alloys to enhance the 
corrosion resistance and mechanical properties [131-134]. According to the binary 
Mg-Er phase diagram, the equilibrium solid solubility of Er in the Mg matrix is 17.24 % 
at the eutectic temperature [106]. Er can be dissolved in Mg during the solidification 
process, which reduces the axial ratio. The reduction of the axial ratio contributes to 
the diversification of the deformation modes in Mg-Er alloys, and thus improves the 
elongation. Wang et al. found that Er had excellent grain refinement for Mg-Zn-Zr 
(ZK) alloys due to the formation of Mg-Zn-Er phase distributed along grain boundaries 
which also enhanced the strength [135]. Rosalbino et al. [136, 137] suggested that the 
presence of Er combined with Al is an effective method to improve the corrosion 
resistance of Mg alloys because of its excellent synergistic effect. Er shows relatively 
high chemical activity with the formation of two types of Mg-Al-Er phases 
(Mg95Al3Er2 and Mg95Al2Er3) in Mg-Al-Er alloys, and these phases surround the Mg 
matrix, inhibiting the corrosion of Mg alloys due to the enhanced passivation [137]. It 
also has been maintained that the enhanced corrosion resistance of Mg-Al-Er alloys 
may be ascribed to the incorporation of Er solute in the hexagonal Mg(OH)2 lattice by 
the substitution of Mg cation, leading to an increase in the volume ratio of Er in Mg 
alloys, which reduces the potential cleavage and avoids ionic diffusion paths [136]. 
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Gd has been widely used in Mg alloys such as AM-Gd and AZ-Gd [138], Mg-Y-Gd 
[139], Mg-Sn-Ca [140], Mg-Zn-Gd [141] and Mg-Ho [142]alloys. The high solid 
solution of Gd in Mg matrix plays an important role in the strengthening of Mg alloys. 
The atoms of the Gd element can replace Mg atoms to form a random substitutional 
solid solution, and thus generate stresses [106]. These stresses block the slip plane, and 
thereby improve the yield strength [143]. Hort et al. [144] reported that Gd has a 
pronounced influence on the corrosion resistance of Mg alloys. They suggested the 
second phase of Mg5Gd in Mg-Gd alloys are nobler compared to the matrix and that a 
high volume fraction of Mg5Gd phases would accelerate the dissolution of the Mg 
matrix. However, when the Gd content remains below 10 %, some Mg5Gd phases 
dissolve into the matrix, leading to an enhancement in the corrosion resistance, and the 
galvanic effects rapidly fade away [144]. Chang et al. [121] investigated the corrosion 
behaviour of Mg-xGd-3Y-0.4Zr alloys (x = 6, 8, 10, 12 %) in peak-aged condition and 
found that the corrosion resistance decreased as the addition of Gd increased from 6 to 
10 %, then increased as the Gd addition increased from 10 to 12 %. They further 
suggested that the corrosion of Mg-xGd-3Y-0.4Zr alloys was affected by the second 
phase and corrosion products on the surface. The high volume fraction of the second 
phase of Mg5Gd in the Mg alloys acts as the barrier to inhibit corrosion, a function 
similar to that of the second phase of Mg17Al12 in AZ alloys. The corrosion mechanism 
of Gd-containing Mg alloys is still not well understood, although it is clear that the 
addition of Gd significantly affects the corrosion behaviour of Mg alloys. In practical 
applications, the composition design and method of manufacturing Mg-Gd alloys 
should be taken into consideration when adding Gd. 
At present, lanthanum (La) is an abundant rare earth element. It has been considered 
as a substitute for other precious REEs such as praseodymium (Pr) and neodymium 
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(Nd). La has the excellent effect in the strength and creep resistance due to the ability 
to form solid solutions in Mg and their decomposition with precipitation of the La-rich 
disperse phase [106], and have widely been used in AZ alloys [145]. Zhang et al. [146] 
found that Mg alloys with Al and La additions consisted of various phases such as 
Al11La3 and Al2La, depending on the concentrations of alloying elements. Both 
Al11La3 and Al2La phases were distributed along the grain boundaries and these phases 
occupied a large area of the grain boundary, simultaneously blocking grain boundary 
sliding and dislocation motion in the vicinity of the grain boundary, and thus leading 
to the improvement of the tensile property of Mg-Al-La alloys. Yamasaki et al. [147] 
reported a nano-scale Mg17La2 phase that formed in Mg-Zn-La alloys. The phase 
dispersed in the Mg matrix homogeneously during in solidification, which resulted in 
a fine microstructure, leading to uniform and mild corrosion of the Mg alloys. 
Furthermore, La containing Mg alloys always had a protective layer containing 
Mg(OH)2 and La oxide, which enhanced the corrosion resistance [146, 147].  
Like Ce, Nd has been widely used in Mg-Zn-Zr based alloys and Mg-Al based alloys, 
which are the frequently used Mg alloys because of their good corrosion resistance 
and mechanical properties. The Mg12Nd and Mg41Nd5, according to the study [126], 
were formed and the phases isolated the Mg matrix  resulted in the reduction in the 
grain size and enhanced the tensile strength. It has been reported that the addition of 
Nd from 1 to 6 % in Mg-Al alloys further reduced grain size, and enhanced the tensile 
properties and corrosion [148]. In Mg-Al-Nd alloys, Nd can suppress the formation of 
the Mg17Al12 phase, and large amounts of thermally stable Al2Nd and Al11Nd3 formed 
along grain boundaries thus effectively block the sliding. Moreover, the difference in 
atomic radius between Mg and Nd is relatively large and, therefore, Nd atoms can 
replace the positions of Mg atoms, resulting in a further obstacle to dislocation 
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movement. Liu et al. [149] investigated the effects of the addition of Nd on the 
corrosion behaviour of Mg-5Al-0.4Mn-xNd (x = 0, 1, 2 and 4 %) alloys in NaCl 
solution. In this study, Mg-5Al-0.4Mn-1Nd and Mg-5Al-0.4Mn-2Nd alloys exhibited 
better corrosion resistance, compared to the alloy (Mg-5Al-0.4Mn-4Nd) containing a 
higher level of Nd. The better corrosion resistance was attributed to the intermetallic 
precipitates with Nd, which behave as less noble cathodes in the micro-galvanic 
corrosion and suppress the cathodic process. They also indicated that a protective layer 
composed of Al2O3 and Nd2O3 at Mg-5Al-0.4Mn-1Nd in the proper ratio formed on 
the surface acts as an excellent barrier to corrosion, and enhances the corrosion 
resistance of Mg-5Al-0.4Mn-xNd (x = 1, 2 %) [149]. It can be seen that the corrosion 
in Mg alloys containing Nd is significantly affected by the second phases along the 
grain boundaries. However, Zhang et al. [148] investigated the effects of Nd on the 
microstructure, mechanical properties and corrosion behaviour of a die-cast Mg-4Al-
0.4Mn-xNd (x = 0, 1, 2, 4 and 6 %) and their conclusions were different to those above. 
Their results indicated that the Nd significantly refined the grain size and substantially 
enhanced both the tensile properties and corrosion resistance, and that the alloy with 
the addition of 6 % Nd exhibited the best tensile properties and corrosion behaviour. 
Yttrium (Y) is a particularly interesting alloying element for Mg alloys because it has 
the same electrochemical potential -2.372 V with Mg. Y exhibits a hexagonal close 
packed (hcp) lattice, the same crystal structure as Mg, as well as very close lattice 
parameters and an atomic radius with Mg (aMg = 0.323 x 10-9m, cMg = 0.520 x 10 -9m, 
aY = 0.365 x 10 -9m and cY = 0.573 x 10-9m; RY = 1.82 x 10-10m and RMg = 1.6x 10-10m) 
[150]. Thus it can always act as the nuclei of Mg-Y alloys during the solidification, 
resulting in substantial grain refining [147, 151], and therefore enhances the tensile 
strength [152, 153]. Zhang et al. [151] investigated the corrosion behaviours of the 
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binary Mg-xY (x = 0.25, 2.5, 5, 8 and 15) alloys and found that the effect of Y on the 
corrosion of the Mg-Y alloys altered with concentrations of the Y addition. The 
corrosion resistance was improved as more Y was added, providing the Y content was 
below 2.5 % in Mg-xY (x = 0.25 and 2.5). The corrosion modes altered to pitting 
corrosion with any further increase in Y due to the discontinuous distribution of the 
Mg24Y5 phases along the grain boundaries in Mg-xY (x = 5 and 8). These Mg24Y5 
phases caused galvanic effects. By further increasing the Y content to 15 %, a 
continuous network of Mg24Y5 phases formed along the grain boundaries, resulting in 
improved corrosion resistance in Mg15Y. However, Li et al. [53] compared the 
corrosion resistance of Mg-1Ca and Mg-1Ca-1Y alloys and indicated that the latter Y 
contained Mg alloy exhibited a higher corrosion rate. Liu et al. [86] studied the 
corrosion behaviour of binary Mg-xY (x= 2, 3, 4, 5, 5.5, 6 and 7) alloys in 0.1 M NaCl 
and 0.1 M Na2SO4 and found that the Mg-Y alloys showed significantly different 
corrosion behaviour. In 0.1 M NaCl, the Cl- gradually deteriorated the surface layer, 
and the matrix was easily exposed to the NaCl solution. The intermetallic containing 
increased Y deteriorated the corrosion resistance of Mg alloys due to the accelerated 
micro-galvanic. While the corrosion rate decreased when the Y content increased over 
3 %, this could be attributed to a Y-containing protective surface layer. Hänzi et al. 
[154] attempted different types of heat treatments on an Mg–Y–RE alloy (WE43: Y 
content 3.7-4.3 %) to create different surface conditions and investigated the influence 
of different surfaces on the in vitro degradation behaviour of the Mg alloy. They 
suggested that a solution of heat-treated WE43 showed improved degradation 
resistance as reflected by the comparably low maximal degradation rate. On the other 
hand, oxidized WE43 showed a decreased initial degradation rate that was ascribed to 
the protective effect of the surface film consisting of oxides of MgO and Y2O3. Once 
CHAPTER TWO 
29 
 
the surface film was penetrated or removed, degradation accelerated until the 
deposition of corrosion products slowed further degradation. 
The above mentioned studies discussed the properties of Mg alloys with various 
alloying elements including some frequently used elements and rare earth elements as 
the alloying elements in large quantity or trace of addition, where the influence of these 
alloying elements rely on the alteration of microstructure and hence change 
mechanical properties and corrosion behaviour of Mg alloys. Alloying elements such 
as Li, Y etc. may alter the density and grain boundaries due to the formation of 
secondary phases. Obviously, this review to date indicate that in such alloys with some 
alloying elements like Zr and Ca have improved the corrosion resistance, and the point 
should be known that the elements has an optimal concentration in Mg alloys. 
Exceeded addition of these alloying elements inevitably leads to the negative effects. 
In the introduced advantages of rare earth elements of Mg alloys, rare earth elements 
referred to the formation of Mg-REEs phases or Mg-REEs based phases. It has been 
found that there are many different phases that may form such as Mg12REEs, 
Mg3REES or Mg2REEs phases under certain conditions in the process of fabrication 
[7]. Thus, it is important to identify which of these phases formed in each of Mg-REEs 
based alloys because they will contribute significantly to the alloy properties. 
Additionally, there are some concerns with the studies on the Mg alloys with rare earth 
elements additions. Due to the similar chemical properties and increasing cost, it is 
difficult to purify the specific rare earth element, and when rare earth elements are 
added to Mg alloys, it has been assumed that they behave in the same way, as 
evidenced by the used of the symbol E to denote all REEs [155]. In some studies, the 
investigated REEs may contain more than one component. This is not what would be 
expected in the case when one of REEs is the major alloying element in Mg alloys. 
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Furthermore, most studies on the influence of REEs on the corrosion of Mg alloys 
were based on the Mg-Al or Mg-Zn-Zr series of Mg alloys, and the data concerning 
the electrochemical and corrosion properties of binary Mg-REEs alloy are very scarce 
[156]. It is still required to take further investigations on the binary Mg-REEs alloys 
or tertiary alloys with promising elements.  
Based on these studies, it can be summarized that the effects of the addition of various 
alloying elements on the corrosion mechanism of Mg alloys depend on factors that 
include the grain size, the matrix with different solid solutions, the surface layer and 
the second phases that may cause micro-galvanic effects (discontinuous along grain 
boundaries) or act as a barrier inhibiting corrosion (continuous network along grain 
boundaries). The concentration of the alloying elements also significantly influences 
the corrosion of Mg alloys because it affects the volume fraction and distribution of 
the second phases.  
2.3 Concern of biocompatibility in alloying of Mg 
An orthopaedic Mg implant is any matter, structure, or surface that interacts with 
biological tissues, and it should possess biomechanical compatibility with natural bone, 
an appropriate corrosion rate (i.e. degrading rate) to maintain mechanical integrity 
during healing and excellent biocompatibility making it harmless to host tissues. After 
implantation, the Mg alloy implant would directly contact the organics or tissues. The 
degradation of Mg alloys in vivo is a reaction between metals and a physiological  
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Table 2.1 Influence of alloying elements on the microstructure, mechanical properties and corrosion resistance of Mg alloys 
Elements Effects on the microstructure Effects on the mechanical properties Effect on the corrosion resistance References 
Al 
Refine grain size, react with Mg to form Mg17Al12 
phase, high Al concentration leads to a network 
distribution of Mg17Al12 along grain boundaries 
Enhance cast ability and hardness; increase the yield 
strength when the Al content above 10 %, significantly 
improve ultimate yield strength and ductility with the 
amount of Al below 6 % 
Network distribution of Mg17Al12 in Mg alloys enhance 
the corrosion resistance, however, the coupled micro-
galvanic effects between Mg17Al12 phase and Mg matrix 
at the same time increase the corrosion rate 
[8-23, 67, 
84, 90, 94-
102] 
Ca 
Reduce the grain size with the addition of Ca 
below 15 % in binary Mg-Ca alloys, form Mg-Ca 
phases distributed along the boundaries 
Increase the elasticity, compressive yield strength, 
ultimate strength and hardness with the increasing Ca 
content less than 20 %, increase the creep properties at a 
concentration less than 0.3 %, deteriorating the ductility 
at the concentration from 0.5 to 15 % 
Excessive addition of Ca in pure Mg deteriorate the 
corrosion resistance, the Ca concentration in Mg alloys 
should be less than 1 % 
[37, 40, 46, 
47, 50, 51, 
53, 56-59, 
94, 103] 
Li 
Slightly decrease the grain size, Mg-Li phases 
with bcc structure distribute along grain 
boundaries 
Increase the deformability with high addition (>11 %) in 
Mg alloys by forming the bcc structural phases, decrease 
strength significantly. 
Li concentration in pure Mg below 9 % is beneficial to the 
corrosion resistance. However, with the increasing Li 
addition, it significantly accelerated corrosion rate 
[7, 21, 25, 
78, 94, 104, 
105, 107] 
Mn 
Significant effect in grain refinement with low 
Mn concentration in Mg-Al based alloys; remove 
impurities of Mg alloys by form new phases with 
Fe and other heavy metals, refine grain size 
Slightly increase the yield strength, decrease ultimate 
yield strength and elongation for binary Mg-Mn alloys, 
the effect on the mechanical properties depends on the 
composition of Mg alloys, rarely been used in pure Mg. 
Beneficial to corrosion resistance by reducing impurities 
with a small quantity of Mn addition 
[31, 35-37, 
60, 94, 108-
112] 
Zn 
No obvious effect on the grain size with the 
addition below 5 % for binary Mg-Zn alloy, react 
with Mg to form second phase and distribute 
along grain boundaries, usually been used with Al 
in Mg alloys 
Enhance the tensile strength, excellent solid solution 
strengthening and aging strengthening effects, 
deteriorate cast ability of Mg alloys with high 
concentration, overcome the influences of Ni and Fe 
Inhibit the harmful effects of Fe and Ni impurities on the 
corrosion; enhance the corrosion resistance of Mg alloys 
when the Zn content below 5 % 
[31-33, 35-
40, 55, 60, 
88, 89, 94, 
113-116] 
Zr 
Excellent grain refinement, extremely low solid 
solubility in pure Mg, should not been used with 
Al in Mg alloys due to the formation of stable Al-
Zr phase that deteriorates the mechanical 
properties 
Slightly increase the ultimate compressive strength with 
the increasing Zn concentration, significantly enhance 
the ductility, elongation and ultimate yield strength of 
Mg alloys with small amount of addition for binary Mg-
Zr alloys, usually been used with Zn in Mg alloys 
Small amounts of Zr addition (less than 2 %) in Mg 
enhance the corrosion resistance, otherwise significantly 
deteriorate the corrosion resistance 
[27, 44, 45, 
48, 49, 94, 
95, 117, 
118, 121] 
Sr 
Refine grain size, lead to rough boundaries with 
excessive addition, react with Mg to form Mg-Sr 
phases that distribute along grain boundaries 
Increase the tensile strength with the Sr addition below 
2 %, decrease the ultimate strain and ultimate 
compressive strength due to the superabundant 
compounds in grain boundaries 
Influence on the corrosion depends on the fraction volume 
of Mg17Sr2 in Mg alloys, optimal content less 2 % 
[48, 56, 64-
67, 123] 
Ce 
Excellent grain refinement for pure Mg and AZ 
alloys, Mg-Ce phases isolate Mg matrix and 
reduce the grain size, Al-Ce phases distribute 
along grain boundaries; excessive Ce addition to 
Mg leads to the formation of brittle Mg-Ce phases 
Enhance the tensile strength and tensile yield strength at 
room temperature with the addition of Ce below 6 % for 
binary Mg-Ce alloys, however tensile yield strength 
remain stable and tensile strength decreases with 
increasing addition of Ce after T6 treatment, deteriorate 
Form Al11Ce3 phase surrounding Mg matrix in AZ alloys, 
suppressive galvanic effects and thus enhance the 
corrosion rate, however, increasing addition of Ce 
deteriorates the corrosion resistance of binary Mg-Ce 
alloys due to the galvanic effect 
[106, 120, 
122-130, 
133, 136] 
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distributing along grain boundaries elongation of Mg alloys with excessive addition of Ce, 
deteriorate the creep resistance, enhance tensile strength 
of AZ alloys with 1 % Ce addition 
Er 
Exhibit a lower solubility in solid Mg, helps to 
form stable Mg-Er phases, Er addition to Mg-Al 
alloys leads to the formation of Al-Er phase, 
excellent grain refinement in ZK alloys 
Improve the tensile strength and tensile yield strength 
with the increasing addition of Er to pure Mg, however it 
decreases the elongation of Mg-Er alloys 
Enhance the corrosion resistance of AZ alloys, Mg-Al-Er 
phases surround the Mg matrix, enhance the stability of 
Mg(OH)2 layer and thus inhibit the corrosion resistance 
[106, 131-
137] 
Gd Refine grain size, Gd atoms replacing Mg atoms 
to form a random substitutional solid solution 
Enhance the tensile strength and tensile yield strength 
with the increasing addition of Gd, improve the 
elongation of Mg-Gd alloys with the addition of Gd 
below 6 % 
No consensus, influence on corrosion depends on the 
composition and Gd content in Mg alloys 
[106, 121, 
134, 138-
144] 
La 
Have a relatively lower solubility in Mg 
compared with other rare earth elements, it can 
react with Al to form rod-like Al-La phases that 
refine grain size of AZ alloys 
Enhance the tensile strength, yield strength and creep 
resistance of binary Mg-La alloys, deteriorate elongation 
of Mg alloys with excessive addition of La, Reduces the 
dendrite arm spacing and slightly improving the tensile 
strength and age hardening response of Mg-Al-La alloys 
due to the formation of Al-La phases 
Refine Mg17La2 phases produce fine microstructure for 
Mg-La alloys with the La concentration below 1 %, which 
results in uniform corrosion, producing La oxide 
combines with Mg(OH)2 enhance the corrosion resistance 
[106, 122, 
124, 145-
147] 
Nd 
Refine grain size of Mg alloys with the increasing 
Nd content , Nd atoms can replace the Mg atoms 
so that enhancing the tensile strength when Nd 
content less than 6 % 
Enhance the tensile strength and tensile yield strength, 
deteriorate elongation and creep resistance of Mg alloys 
with excessive addition of Nd 
Addition to pure Mg can effectively enhance the 
corrosion resistance, Mg12Nd  phase suppress the galvanic 
effect, Nd2O3 layer combines Mg(OH)2 inhibit the 
corrosion, 
[106, 126, 
148, 149] 
Y 
Excellent grain refinement, a relatively high solid 
solubility in Mg, always used with other REEs to 
enhance creep resistance of Mg alloys due to the 
formation of Y-rich phases 
Significantly increase tensile strength and tensile yield 
strength with increasing addition of Y in pure Mg, 
improve the elongation with the Y concentration below 
3 %, however, excessive addition of Y deteriorates the 
elongation 
Disputed effects on the corrosion resistance, depends on 
the composition of Mg alloys, but decrease the corrosion 
resistance of binary Mg-Y alloys with the 
concentration >2 % 
[29, 38, 41, 
53, 86, 106, 
147, 151-
154] 
Dy 
Refine the grain size of Mg alloys with the 
increasing Dy content, lead to the formation of 
dendritic structure of binary Mg-Ho alloys 
Significantly increase tensile strength and tensile 
strength with increasing addition of Dy in pure Mg duo 
to the solid solution strength 
Enriched in the passive oxide film; 10 % addition to pure 
Mg improves the corrosion, however, it decreases the 
corrosion resistance with addition of excessive Dy 
[157-162] 
Ho 
Refine the grain size of Mg alloys, have a 
relatively high solubility in Mg compared with 
other rare earth elements, it can react with Mg to 
form Mg-Ho phases 
Increase the tensile strength and peak hardness, also 
increase the elongation below 2 % addition to pure Mg, 
otherwise decrease the elongation above 2 % 
Similar to Dy, enriched in the protective film at the initial 
corrosion, which decrease the corrosion rate; increase the 
corrosion rate with the addition of excessive Ho 
[142, 163-
167] 
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environment such as proteins, cations and anions. In many cases, the biocompatibility 
of Mg alloys is determined by the alloying elements. Thus it will be great to select the 
elements which is the essential or constituent for the human body. It has been known 
that the approximately 96 % of the human body is comprised of oxygen, carbon, 
hydrogen and nitrogen, which present in the form of water and proteins in the human 
body [168]. The rest of the mass of the body (approximately 4 %) mainly largely exists 
either in the bone and tooth as minerals (Ca, Mg and P) or in the body fluid and blood 
as electrolytes (Na, K and Cl), considered to be macroelements [169]. Besides that, 
there are some elements (Barium, Beryllium, Boron, Caesium, Chromium, Cobalt, 
Copper, Iodine, Iron, Lithium, Molybdenum, Nickel, Selenium, Strontium, Tungsten 
and Zinc) exit in the human body in lower concentration. These elements are referred 
to as trace elements in the human body [170], and whereas the component of trace 
elements in the human body is increasing with further investigations [168]. Among 
these elements that exist in the human body, Ca, Li, Sr and Zn has been utilized as the 
alloying elements for biodegradable Mg alloys. In this section the biological 
performance of Mg alloys with these elements and containing the other commonly 
used alloying elements such as Al, Mn and Zr, and REEs for biodegradable Mg alloy 
implant materials are investigated based on abundant literature in order to provide 
fundamental information for the early stage of implant development, especially for the 
selection of alloying elements. An ideal Mg implant material must be non-toxic and 
not cause any inflammatory and immunogenic responses. The Mg alloys should have 
minimal deleterious effects and these should be short term as much as possible. 
However, in the actual applications process, this ideality is not always attained, and 
Mg alloys should have minimal deleterious effects and these should be short term as 
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much as possible. As a result, it is crucial to ensure that the composition of Mg alloys 
does not impose a significant hazard to the human body. 
2.3.1 Commonly used alloying elements 
Although Al is the most widely used element for Mg alloys such as AZ21, AZ91D and 
AZ31, due to its excellent effects on the refining of the microstructure and 
enhancement of the corrosion resistance, medical research has found that an 
accumulation of Al in the brain may harm intelligence and cause neuropathologically 
relevant issues [171]. It is also a risk ingredient for the development of Alzheimer’s 
disease [172]. Al accumulation in tissues increases with age, and there is more 
aggregation of β-amyloid peptide formed with the increment of Al concentration, 
which is a factor leading to the formation of pathologic lesions in Alzheimer’s disease 
[171]. Furthermore, Al has a significant impact on immunology, and vaccines 
containing Al may lead to lymphocytes and inconspicuous muscle fibre damage [173]. 
The total body burden of Al in healthy adults is 30-50 mg and the safe dose of Al 
containing medications can take a much larger amount of Al than in the diet, possibly 
as high as 12 - 71 mg kg-1 day-1 [174]. Adverse effects may be seen if the dose is 
exceeded in humans [24]. 
Ca is the most abundant element in the human body, occurring in the form of Ca2+, 
presenting in the mineral HA in the skeleton [175]. Thus, Mg alloys with the addition 
of Ca have attracted much attention for biomedical applications. Mg-Ca alloys with a 
Ca content of less than 1.2 % have excellent biocompatibility, as reflected by results 
showing that incubation of dendritic cells with the degradation media of the Mg alloys 
over 6 days had no influence on cell viability [57]. Jung et al. [58] reported that needle-
type calcium phosphates similar to HA formed at the interface of Ca-containing 
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implants and biological tissue, providing a progressive biological environment for 
bone mineralization. Ca also plays an important role in bone disease and soft tissue 
calcification [176]. In general, Ca has a level of 0.919 - 0.993 mg L-1 in normal blood 
serum [177, 178]. The recommended Ca dietary allowance for adults is approximately 
1000 mg day-1 [179]. A disturbance of Ca cation in the human body may lead to severe 
pathological conditions, such as hypercalcemia and hypocalcemia [175, 180]. 
Furthermore, vascular calcifications, caused by an excess of calcium and phosphate 
absorption, are the major factors of cardiovascular disease associated with kidney 
disease [181, 182]. Another concern of Mg-Ca alloys is formation of an insoluble 
corrosion product on the surface. Kirkland et al. suggested that the insoluble “chalk 
like” product that could be problematic in the human body if large amounts are formed 
[183]. 
Since Li was discovered, it has attracted a great deal of attention, due to its potential 
toxicity [184]. Li has numerous effects in humans and in other organisms as it inhibits 
the functioning of multiple enzymes in the body [185]. Giles et al. [186] reported that 
Li was a teratogenic hazard to the cardiovascular system of the human body, as they 
found that when Li was given to mice and rats they could produce skeletal and 
craniofacial defects. Aral et al. [185] investigated the toxicity of Li to humans and 
found that doses of Li (10 mg L-1 in serum) in humans induced bipolar disorder, and 
at 20 mg L-1 Li in serum there is a risk of death. These studies further indicated that Li 
has specific toxicity presenting with several features: acute abnormalities from Li 
poisoning and chronic changes such as nephrogenic diabetes insipidus, epithelial cell 
disease, and chronic kidney disease. 
Mn is an essential trace element for physiological processes, and it is a necessary 
element for the immune system and a variety of enzymes [187]. However, Mn toxicity 
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such as cytotoxicity and neurotoxicity has also been reported [187-190]. Ding et al. 
[188] assessed the cytotoxicity of Mn on the sensory hair cells, auditory nerve fibres 
and spiral ganglion neurons in three rats isolated from birth. In this study, the sensory 
hair cells were vulnerable to Mn toxicity. Disservice was observed with Mn absorption 
as low as 10 micro molar. The preponderance of clinical and basic research concerning 
the toxic actions of Mn has primarily focused on central nervous system effects [188]. 
In a recent report, the abnormal verbal and visual memory functions of a 10 year old 
boy were aggravated with excessive exposure to well water containing modest level 
of Mn [191]. It was also found that the neurotoxicity also presented on the induction 
factor of a disease with the similar properties to Parkinson’s disease [189]. Considering 
these findings for the toxicity of Mn, it would be wise to be cautious in the use Mn as 
the alloying element in Mg alloys for biomedical applications. 
Zn is also a trace element in the human body and a co-factor for optional enzymes in 
bone and cartilage [192]. The U.S. Department of Health and Human Services 
recommended dietary allowance for Zn is 11 mg day-1 for men and 8 mg day-1 for 
women, so the corresponding burden of Zn is approximately 0.16 mg kg-1 day-1 for 
men and 0.13 mg kg-1 day-1 for women [193]. There have been many studies into the 
negative consequences of overdose Zn intake on growth, development and health [194-
197]. The divalent metals can lead to neurological disorders [192, 198]. Zn cation acts 
as a mediated inhibition of neurotrophins, and can even lead to cell death [199], so Zn 
accumulation in human body may induce embryonic motor neuron death and affect 
mature motor neurons [199]. A normal Zn concentration maintains body health. 
However, if a large amount of Zn was implanted into a body in the form of an alloying 
element in Mg alloys, the toxicity could be seen as possibly impairing immune 
function [198]. Thus, the possible complications of using those alloys with a Zn 
 37 
 
addition must be known, and it is critical that the concentration of the alloying element 
addition in the Mg alloys be controlled. 
Zr has been used in Mg alloys as an effective alloying element to improve corrosion 
resistance and grain refinement [27, 44]. A recent study on the biocompatibility of Mg-
Zr-Sr alloys showed that Mg alloys with an addition of Zr up to 5 % exhibited excellent 
biocompatibility and no adverse effect was observed after implantation into rabbits 
[48]. The good biocompatibility of Zr in Mg alloys was supported by another study on 
the Mg-Zr-Ca alloys, which indicated that an Mg alloy with an addition of 1 % Zr and 
1 % Ca exhibited promising compressive strength, good corrosion resistance and 
excellent biocompatibility [47, 49]. Yamamoto et al. [200] investigated the 
cytotoxicity evaluation of 43 metal salts including ZrCl4 using murine fibroblasts and 
osteoblastic cells and found that Zr4+ had relatively low cytotoxicity. Although it was 
reported that high oral administration (2250 mg kg-1 day-1) of an aqueous solution of 
Zr oxychloride to mice induced chromosomal abnormalities in bone marrow cells 
[201]. Delongeas et al. [202] revealed that Zr oxychloride did not influence the growth 
curve after repeated administration of a dose of 230 mg kg-1 day-1, and Zr oxide has 
been found to be non-toxic in animal studies using mice and rats. These findings 
indicate that Zr is promising in alloying biodegradable Mg alloys but scrutiny is still 
vital since the biocompatibility of Zr depends on the applied dosage and Zr ions formed 
in the usage. 
In order to develop new implants with improved biocompatibility, researchers have 
been pursuing more biocompatible elements to replace those traditional, less 
biocompatible alloying elements in Mg alloys such as Al, Zn and Mn etc. It has been 
reported that Sr can reanimate bone cells and benefit postmenopausal osteoporosis as 
it can increase bone formation [203-206]. Sr is a plant growth stimulant, possessing 
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similar functions to Ca [203]. Sr has been introduced into Mg alloys for biomedical 
applications [48, 56, 64, 65] on account of these advantages. The biocompatibilities of 
binary Mg-Sr alloys with various amounts of Sr content were studied in vitro and in 
vivo [65, 66]. An Mg alloy with the addition of 2 % Sr showed promoted bone 
mineralization without inducing any significant adverse effects. Novel Mg-Zr-Sr 
alloys with improved corrosion resistance, mechanical properties and biocompatibility 
have been successfully manufactured and investigated in vivo and vitro [48]. The 
findings have indicated that the addition of Sr in Mg alloys leads to an improvement 
of in vivo biocompatibility, especially for the promotion of bone formation. Research 
conducted by Bornapour et al. [66] showed that a Sr-substitute HA layer, known to 
improve cell growth and tissue healing around bone implants, presented at the interface 
between the alloy matrix and the corrosion products, after implantation of the binary 
Mg-Sr alloys into a rabbit. 
2.3.2 Rare earth elements (REEs) 
Recent studies have illustrated that REEs in Mg alloys show many desirable 
advantages, such as improved corrosion resistance and electrochemical behaviour, and 
enhanced mechanical properties [123, 207-209]. In most cases, standard Mg-REEs 
alloys contain more alloying elements than their designations [31, 210]. Almost any 
REEs-containing Mg alloy contains more than one trace REE, such as LAE 
(containing Li, Al and REEs) [25, 78] and WE (containing Y and other REEs) [3, 45, 
211]. In vivo degradation directly links the alloying elements of Mg alloys to the 
released metal ions and the corrosion products. The effects of REEs on the biological 
behaviour of Mg alloy are crucial in implant applications and should be investigated 
thoroughly. In this section, some widely used and promising REEs are discussed, as 
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shown in Table 2.2, to provide a fundamental basis on which to choose alloying 
elements. 
To date, REEs-containing Mg alloys are the most successful of the developed Mg 
alloys for biomedical applications. WE43, for example, has been successfully used in 
a biomedical application [26]. It is well known that alloying elements come into direct 
contact with cells and react with tissues after an Mg alloy is implanted in vivo. Whether 
an element is retained by the cells, or whether the element triggers a reaction, depends 
on the physical and chemical properties of the element [210] and the ionic size of 
alloying elements [212]. Thus, cell culture in vitro seems to be an effective 
experimental approach to determine the impacts produced by the alloying element. 
Feyerabend et al. [210] have comprehensively investigated the short-term effects on 
various cells of some REEs, including Y, Nd, Dy, Pr, Gd, La, Ce and Eu. They 
suggested that La and Ce showed the worst biocompatibility with the highest 
cytotoxicity on cells, whereas the highly soluble Dy and Gd seem to be more suitable. 
Nakamura et al. [212] suggested that REEs can be chemically classified into three 
groups on the principle of their ionic radii: (i) light REEs: La, Ce and Pr, (ii) medium 
REEs: Nd, Pm, Sm, Eu and Gd, and (iii) heavy REEs: Tb, Dy, Ho, Er, Tm and Yb. 
The light REEs, Ce and Pr, usually induce severe hepatotoxicity, including symptoms 
of fatty liver and jaundice; medium REEs are mainly distributed into the spleen and 
lungs [212]. Longerich et al. [213] investigated the effect of Y and Ce on the behaviour 
of humans and reported that concentrations of Y and Ce in the drinking water of 
mothers with neural tube defect infants were higher than in the mothers of normal 
infants, indicating that the absorption of REES are dependent not only on the 
concentration but also the size of the elements. Basar et al. [214] investigated the 
biocompatibility of HA doped with Y3+ (2.5, 5 and 7.5 mol %) and F- (2.5 mol %) ions 
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based on the cellular response of the control group with pure HA and found that HA 
doped with 2.5 mol % Y3+ had the highest cell density compared with other Y-
containing HA. The cell proliferation on 2.5 Y-HA was close to that of the control 
group. Loos et al. [215] investigated the biocompatibilities of an absorbable Mg stent 
with Y and some REEs additives in vivo and in vitro, and indicated that Mg alloys 
without Al but containing small amounts of Y and REEs would be appropriate for 
biomedical applications. These studies indicated that Y is a particularly disputed 
alloying element, and it is essential to further investigate the effect of an addition of Y 
in Mg alloys on biocompatibility. 
Other studies on the toxicity of REEs, besides the cell culture, were predominantly 
performed on small animals by administering REEs-containing salts such as chloride 
REEs or nitrate REEs via intravenous injection, inhalation and orally [212, 216, 217]. 
Ogawa et al. [218-220] conducted a series of studies on the short-term effects of 
elements La, Y and Eu on rats fed with hydrated chloride. By comparing the responses 
of these three REEs with different oral doses of 0, 40, 200 and 1000 mg kg-1 for 28 
successive days, results indicated that the biological effects of Y were very similar to 
those of La except for the accumulating patterns and volumes, while Eu showed an 
obvious irritation effect as hyperkeratosis of the forestomach and eosinocyte 
infiltration of stomach submucosa were found in both males and females receiving a 
dose of 1000 mg kg-1 EuCl3-6H2O.  
2.3.3 Classification of Mg alloying elements 
Based on the characteristics of alloying elements that affect the microstructure, 
mechanical property, corrosion resistance, and biocompatibility of an Mg alloy, 
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alloying elements such as Al, Ca, Mn, Zn, Zr, Sr and REEs can be classified into five 
categories:  
(a) Bio-functional elements (Sr and Ca): Sr has been reported as an osteoinductive 
element [203, 205]. It triggers the formation of new osteoblasts and promotes rapid 
integration of the graft [221]. Furthermore, it is a biocompatible element that improves 
the mechanical properties and enhances the corrosion resistance of Mg alloys when 
the addition of Sr is ≤ 5 % [48].  
Ca is the most abundant element in the human body, presenting in the form of mineral 
HA in the skeleton. However, the disturbance of Ca cation in the human body may 
lead to severe pathological conditions. Ca addition to Mg alloys should be limited to 
less than 1 % because higher Ca content in Mg alloys will form a large volume of the 
second phase of Mg2Ca, which reduces the corrosion resistance of Mg alloys [51, 53]. 
(b) Biocompatible element (Zr, Dy and Ho): Zr is an effective alloying element to 
improve the corrosion resistance and grain refinement of Mg alloys. This is essential 
in order to decrease the degrading rate of Mg alloys in vivo. Recent studies have 
indicated that the addition of Zr to Mg alloys should be limited to less than 5 % [48]. 
Dy and Ho are biocompatible, and they can improve the mechanical property and 
corrosion resistance of Mg alloys with controlled concentration in Mg alloys.  
(c) Essential trace elements (Mn and Zn): Mn and Zn are essential trace elements for 
the human body and they are usually used in Mg-Al alloys such as the AZ series. The 
crucial issue when using Mn and Zn as Mg alloying elements is concentration control. 
To date, there has been no systematic research to define the concentration limits of Mn 
and Zn in biodegradable Mg alloys. Further research is needed to identify the optimal 
concentrations of Mn and Zn in Mg alloys for the optimal combination of corrosion 
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resistance, mechanical properties, biocompatibility and biodegradability that is 
acceptable for load-bearing implant applications. 
(d) Toxic elements which should be avoid: Al, Li, Ce, Er, La, and Nd. Diseases could 
be caused by the accumulation of Al in the human body [82, 173, 222]. Li is toxic to 
humans. A dose of 10 mg L-1 Li in serum on humans could induce bipolar disorder, 
and with 20 mg L-1 Li in serum there is a risk of death [185]. La [210, 218] and Ce 
[210, 212, 223] showed a lower value of LD50. Ce shows toxicological effects on 
human body, and tends to accumulate primarily in the bone, liver, heart and lung [224]. 
Nd has been classified as light REEs and exhibits similar toxicity to La and Ce [63, 
212, 223, 225]. Although Er belongs to the group of large ionic radii, it is moderate to 
highly toxic, causing writhing, ataxia, laboured respiration, walking on the toes with 
arched back, and sedation [226, 227]. 
(e) No consensus was reached on the biocompatibility of Gd and Y. Although Gd [210] 
and Y [214, 215] were considered as potential alloying elements in Mg alloys for 
biomedical applications, the toxicity of Gd appeared to be apparent as even 1 % Gd 
chloride caused perinuclear vacuolization of the parenchymal cells of the liver [228], 
and Gd may affect bone quality and health [229]. Y showed obvious toxicity due to 
the increased blood eosinocyte and caused eosinophil infiltration in the submucosa 
[219, 222, 230]. Further research is needed to clarify the effects of Gd and Y and their 
concentrations on the microstructure, mechanical properties, corrosion resistance and 
biocompatibility of Mg alloys. 
The classification provides suggestions for the early stage of implant development and 
the selection of alloying elements. In reality, some of the alleged “toxic elements” 
alloying elements such as Li, La, Ce and Nd have been successfully applied in 
commercial Mg alloys for biomedical applications [26], and the perceived toxicity  
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Table 2.2 Biocompatibilities of some alloying elements used in Mg alloys. Positive influences (+), negative influences (-) and intermediate 
influences (=) 
Elements Description Method LD50 of salts Biocompatibility References 
Al 
Harm to intelligence and causing neuropathological relevance; risk factor of the 
development of Alzheimer’s disease; leading to the lymphocytes and 
inconspicuous muscle fiber damage 
Oral 230 mg kg
-1 
(rats) — [24, 172-174] 
Ca 
Presence of Ca2+ in HA; essential element of human body; normal blood serum 
level 0.919-0.993 mg L-1; metabolic disorder may induce the kidney stones and  
arthritis 
Oral 1940 mg kg
-1 
(rats) = 
[176, 178, 180, 
182] 
Li 
Lithium toxicity presenting with several features: acute abnormalities from 
lithium poisoning and chronic changes such as nephrogenic diabetes insipidus, 
epithelial cell disease, and chronic kidney disease 
Oral 525 mg kg
-1 
(rats) — [184-186] 
Mn Essential trace element; neurotoxic; factor of a disease with the similar properties to Parkinson; toxic dosage 10 micromolar Oral 
1484 mg kg-1 
(rats) — [187-191] 
Zn 
Essential trace element; optimally promotive factor of the recovery of  
acrodermatitis enteropathica; a co-factor for enzymes; normal blood serum level 
0.81-1.137 mg L-1; induce embryonic motor neuron death 
Oral 186-623 mg kg
-1 
(mice and rats) = 
[193, 194, 197, 
199] 
Zr 
Zr is biocompatible alloying element in MgZrSr and MgZrCa alloys. The Zr 
oxide is non-toxic in the animal studies using mouse and rats. However, Zr 
should be used with scrutiny depending on the applied dosage 
Oral 990-2290 mg kg-1 (rats) = [200-202] 
Sr Promoting osteoblast maturation; maintaining bone formation; diminishing bone resorption; increasing bone trabecular volume Oral 
2900 mg kg-1 
(mice) + [204-206, 221] 
Ce 
Significant disturbing the brain, lung, liver and kidney of mice although little 
Ce containing cerium absorption; high concentrations of Ce may damage DNA 
and apoptosis; Ce may form stable bonds with endomyocarial fibrosis  
Oral 500 mg kg
-1 
(mice) — [61, 216, 224] 
Er 
Er chlorides produced nodules with foreign body giant cells; Er is moderately to 
highly toxic including writhing, ataxia, labored respiration, walking on the toes 
with arched back and sedation 
Oral 6200 mg kg
-1 
(rats) — [226, 227] 
Intravenous 535 mg kg
-1 
rats) 
Gd 
Higher inflammatory responses on TNF-alpha, and led to the apoptosis of 
MG63 cells with high concentration; Gd accumulation in tissue is linked to 
nephrogenic systemic fibrosis and kidney failure; rats received Gd chloride 
Oral 585 mg kg
-1 
(rats) = [210, 228, 229] 
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showed liver damage; 1 % Gd chloride caused perinuclear vacuolization of the 
parenchymal cells of the liver. 
La 
Increased blood eosinocyte, dreased body weight, casued eosinophil infiltration 
in the submucosa; chronic exposure to La could damage the learning ability 
attributed to the disturbance of the homeostasis of trace elements, enzymes and 
neurotransmitter systems in brain 
Intravenous 150-625 mg kg
-1 
(mice) — [62, 218, 223] 
Nd 
Chronic exposure to Nd exhibited a depressant action and produced death by 
cardiovascular collapse coupled with respiratory paralysis; exhibited cytotoxic 
effects and induce apoptosis in certain cancer cells. 
Intravenous 600 mg kg
-1 
(rats, mice) — [63, 212, 223, 225] Oral 2750 mg kg
-1 
(rats) 
Y 
Increased blood eosinocyte, dreased body weight, casued eosinophil infiltration 
in the submucosa; distributed to plasma in the blood and led to acute hepatic 
injury with the dose 1mg kg-1 with 144 days on rats 
Oral 350-500 mg kg
-1 
(rats) — [219, 222, 230] 
Dy 
Represented less inflammatory response on TNF-alpha cells; Dy chlorides had 
no effect on growth, hematology ad histopathology on mice; high concentration 
also induces slightly labored and depressed respiration 
Oral 7650 mg kg
-1 
(mice) 
+ [210, 226] Intravenous 585 mg kg
-1 
(mice) 
On cells 6200 mg kg
-1 
(rats) 
Ho 
The implantation with Ho addition did not show toxic effects on the rats’ liver, 
no changes in body weight, temperature or liver enzymes; high concentration 
also led to slightly labored and depressed respiration 
Oral 350-500 mg kg
-1 
(rats) + [226, 227] 
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Table 2.3 Recommended alloying elements for biodegradable Mg alloys in biomedical applications 
Element Category Limitations 
Ca 
Biofunctional 
element 
The most abundant element in human body presents in the form of HA in the skeleton. Achieving acceptable biocompatibility when Ca 
addition to Mg alloys is less than 1 % 
Sr Excellent biocompatibility, excessive addition in Mg alloys accelerates the corrosion rate, ≤ 2 % addition in Mg alloys improves corrosion 
resistance 
Zr 
Biocompatible 
element 
Excellent grain refinement, biocompatible element, high content in Mg alloys may lead to toxic influence, achieve excellent 
biocompatibility less than 5 % 
Dy Refine the grain size, biocompatible element, no cytotoxicity on the SaOS2 cells after culture for 7 days 
Ho Refine the grain size, biocompatible element, no toxic effects on the rats’ liver 
Mn 
Essential trace 
element 
A high concentration of Mn deteriorates the corrosion of Mg alloys, and induces cytotoxicity and neurotoxicity. It should be cautious to 
use Mn for biomedical applications. The optimal content should be less than 1 % 
Zn Excessive addition in Mg decreases the corrosion resistance significantly. Overdose Zn absorption leads to negative consequences. The optimal content should be less than 5% in Mg alloys 
Gd 
Possibly 
biocompatible 
element 
Disputed effects on corrosion, it shows accepted biocompatibility with the less than 1 % addition to Mg 
Y No consensus on the corrosion and biocompatibility, Y-containing surface layer decreases the corrosion rate, however Y-containing second phase accelerates the micro-galvanic corrosion. The concentration 2.5 mol % Y3+ doped on HA shows excellent biocompatibility 
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does not indicates that these elements are absolutely exclusive for biomedical 
applications. There is no absolutely harmful or beneficial substance, and even pure 
water can kill at a sufficiently high dose [231]. Thus the associated toxicity is 
determined by the dose of alloying elements. For instance, despite Sr being classified 
as a bio-functional element, excessive Sr addition in Mg alloys deteriorates the 
corrosion resistance, and impairs the biocompatibility. 
2.4 Summary 
To date, the majority of commercial Mg alloys have been designed for engineering, 
aerospace and military applications and they are not necessarily biocompatible and 
suitable for use as biodegradable implant materials. A new research direction lies in 
developing new Mg alloys, alloying with non-toxic elements that can simultaneously 
improve the corrosion resistance and mechanical properties and offer bio-functions 
such as osteoinductivity etc. This review mainly analysed the effect of conditional Mg 
alloying elements and REEs on the corrosion resistance and biocompatibility of Mg 
alloys for biomedical applications. Table 2.3 summarized the limitation of some of the 
potential alloying elements. Bio-functional element Sr has excellent biocompatibility 
and osteoinductivity, which triggers the formation of new osteoblasts and accelerates 
the healing of the graft. Furthermore, it improves the mechanical properties and 
enhances the corrosion resistance of Mg alloys when the addition of Sr is ≤ 5 %. Ca is 
the most abundant element in the human body, and exhibits significant functions in 
the growth and health of human bone. However, the disturbance of Ca cation in the 
human body may induce severe pathological consequences. The optimal Ca addition 
to Mg alloys should be limited to less than 1 %. The essential trace elements Mn and 
Zn exhibit adverse effects on biocompatibility, yet they can still achieve acceptable 
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responses when the element is controlled. Zr is completely biocompatible, exhibits a 
great grain refining effect and improves the corrosion resistance of Mg alloys to a 
remarkable extent. However, the addition of Zr to Mg should be less than 5 %, because 
a higher content of Zr may lead to severely reduced corrosion resistance. Rare earth 
elements might be of benefit to the corrosion of Mg alloys but the concentrations 
should be strictly controlled. Specifically, Li, Ce, Er, La and Nd are toxic and should 
be excluded for Mg alloy implant materials. There is no consensus on the influence of 
Gd and Y on the corrosion. The performance of Gd on the corrosion of Mg alloys 
mainly depends on the content in the Mg alloys. As to Mg alloys containing Y, the 
corrosion is determined by the balance of the Y contained in the surface layer and the 
micro-galvanic effects between the Mg matrix and the second phase of Mg24Y5. The 
composition of Mg-Gd and Mg-Y alloys and their contents should be carefully 
considered. 
Based on the investigations, Sr, Zr and rare earth elements (Dy and Ho) are promising 
candidatures as the alloying elements for the design of biodegradation Mg alloys. 
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Chapter 3 
Materials and Methodology 
3.1 Overview 
This chapter describes the raw materials, sample preparation, microstructure 
observation, corrosion evaluation and characterization procedures used in this thesis. 
The materials with the addition of the alloying elements were selected carefully, along 
with the samples preparation procedures, namely a casting process including materials 
melting and sintering for the synthesis of cast Mg alloys.  
The properties of Mg alloys including corrosion behaviour, mechanical properties and 
microstructure were analysed using electrochemical measurement (PPC and EIS), 
hydrogen evolution (HE), scanning electron microscopy equipped with energy 
disperse X-ray spectroscopy (SEM-EDX), X-ray diffraction (XRD), optical 
microscopy, compression testing and the surface energy analysis. An overview of 
experimental methodology is summarized in Figure 3.1 
3.2 Materials 
3.2.1 Fabrication of Mg alloys 
Mg-Zr-Sr alloys were prepared by casting from melts of pure Mg, Mg-30Zr and Mg-
30Sr master alloys (Hunan Rare Earth Metals and Materials Institute, China). High-
purity Mg (99.98 %) was melted in a coated steel crucible heated to 700Ԩ. 
Subsequently Mg-30Zr and Mg-30Sr were added to the melt in an atmosphere of high-
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purity argon. The melt was constantly stirred for 30 minutes and cast into cylindrical 
steel dies with an inner diameter of 22 mm and preheated to 250 Ԩ. The chemical 
compositions of the Mg alloys were determined by wavelength dispersion X-ray 
fluorescence (WDXRF, S4 Pioneer, Bruker, Germany).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 An overview of experimental procedures 
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Figure 3.2 Routine of Mg alloys preparation 
Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho alloys were prepared based on the optimal 
composition of Mg-Zr-Sr alloys using Mg-10Dy and Mg-10Ho master alloys, 
respectively. Details of the preparation of Mg alloys were summarized in Figure 3.2. 
3.2.2 Simulated body fluid 
The m-SBF with an ionic concentration roughly equal to that of blood plasma was 
prepared by dissolving reagent-grade chemicals of NaCl, NaHCO3, Na2CO3, KCl, 
K2HPO4 3H2O, MgCl 6H2O, CaCl2 and Na2SO4 in the order given, in 1000 ml ultra-
pure water [232]. The dissolved solution was then buffered at pH 7.4 at 37 Ԩ using 
HEPES and 1.0 M NaOH. The recipes for preparing m-SBF was listed in Table 3.1. 
3.2.3 Mg alloys for microstructure examination 
All samples for microstructure observation were mounted using cold epoxy resin with 
one side exposed, ground using 1200 grit SiC paper under running tapwater, then 
mechanically polished on a Struers twin-disc RotoPol 22 fitted with a RotoForce-4 
controller using a 1 μm diamond suspension with felt nap mats. Finally, samples were 
ethanol-cleaned to remove any contamination and further etched with picric acid (a 
solution of 3.0 ml picric acid, 50 ml ethanol, 5 ml acetic acid, and 10 ml distilled water).
Melted Mg 
Mg-30Zr 
Mg-30Sr 
Mg-Zr-Sr 
alloys 
Optimal 
composition of 
Mg-Zr-Sr alloy 
Mg-10Dy 
Mg-10Ho 
Mg-Zr-Sr-Dy 
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3.2.4 Mg alloys for electrochemical test 
Samples with a diameter of 10 mm and thickness of 3 mm were used for the 
electrochemical tests. All samples were connected to a copper wire and then 
encapsulated in cold epoxy resin with one side exposed to SBF. The sample surface 
was mechanically ground with 1200 grit SiC paper, polished using a 9 μm diamond 
suspension with felt nap mats, washed with acetone, ethanol, and distilled water, and 
dried in a cool airstream. 
Table 3.1 Recipes for preparing m-SBF for a total volume of 1000 mL SBF 
Reagent Order Amount 
NaCl 1 5.403g 
NaHCO3 2 0.504g 
Na2CO3 3 0.426g 
KCl 4 0.225g 
K2HPO4 3H2O 5 0.230g 
MgCl2 6H2O 6 0.311g 
0.2 M NaOH 7 100ml 
HEPES 8 17.892g 
CaCl2 9 0.293g 
Na2SO4 10 0.072g 
1.0 M NaOH 11 ≈ 15 ml 
 
3.2.5 Mg alloys for compression testing 
Samples with a diameter of 5 mm and length of 10 mm were used for performing the 
compression tests. All samples were cut from the ingot of Mg alloys using the 
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technique of spark cutting. Abrasive paper with 2000 grit were used to remove the 
oxidation layer of all samples before compression tests. 
3.2.6 Mg alloys for heat treatment 
The experimental samples of Mg5ZrxSr (x=0, 2, 5 %) with the diameter 10 mm and 
the thickness 3 mm was further machined using electrical discharge machining (EDM) 
along the long axis of as-cast Mg alloy ingots which were fabricated from the melt 
with pure Mg, Mg-30Sr and Mg-30Zr alloys. 
3.3 Materials characterization and tests 
3.3.1 Chemical composition characterization 
Based on the literature, XRD and SEM-EDX are the common techniques used for the 
determination of the surface crystallographic structure and phase identification. In this 
project, XRD was performed using a Philips PW1140 vertical powder X-ray 
diffractometer operated at 40 kV and 30 mA. The XRD profiles were scanned and 
recorded with the angle 2Theta from 10° to 80° in step-scan intervals of 0.02° at a 
scanning rate of 4° min-1 with Cu Kα radiation (λ= 1.5418 × 10-10 m). 
The composition of Mg alloys with the alloying elements distribution were further 
analysed using SEM-EDX which can provide the composition of the selected zone on 
the surface of Mg alloys. Besides that the alloying elements distribution was further 
characterised using EDX-mapping. In the alloying elements of EDX-mapping 
characterization, alloying elements were illustrated using different colours. 
3.3.2 Compression test 
Compression test was conducted at initial strain rate of 10-3 s-1 using an Instron 
universal tester equipped with a video extensometer (Instron 5567, USA), as shown in 
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Fig. 3.3. A compressive curve (stress-strain) was obtained for each Mg alloy from the 
compression testing. The ultimate compressive strength of the alloys was determined 
as the value at the maximum compressive stress. The ultimate strain was the strain at 
which stress reached a maximum during the compressive test. The compressive yield 
strength was the stress at the yield point during the compression test. 
 
Figure 3.3 Instron universal tester for compression test 
3.3.3 Hydrogen evolution 
Mg degradation in physiological environments generally proceeds through an 
electrochemical reaction with water to produce magnesium hydroxide (Mg(OH)2) and 
hydrogen gas (H2) [5], so that the degradation rate of Mg alloys is related to the volume 
of hydrogen generated. The hydrogen evolution method is one of the reliable methods 
for determining the biodegradation rate of Mg alloys in physiological environments 
[31, 48, 85]. During the immersion tests, Mg alloy specimens were put into beakers 
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filled with SBF. A funnel was placed over the specimens to collect the hydrogen gas 
produced from the specimens during degradation as shown in Figure 3.4. 
Figure 3.4 Hydrogen gas collection and the Mg specimen 
The hydrogen gas was collected using a burette above the inverted funnel that covered 
the samples [233]. In this research, Mg alloys were immersed in SBF with a water bath 
at 37Ԩ. The ratio of the sample surface area (cm2) to the volume of SBF solution (ml) 
was 1:300. Samples with a diameter of 10 mm and thickness of 3 mm were mounted 
in epoxy resin with an exposed area of 0.785 cm2 and immersed in SBF solution. The 
degradation rate Ph (mm per year) was determined by the hydrogen evolution rate Vh 
(ml cm-2 per day) using an empirical equation [233]. 
Ph=2.279Vh                                                        (3.1) 
After the hydrogen evolution tests, the degraded samples were quickly removed from 
the beakers, cleaned with distilled water, and dried. The corrosion products were 
removed using a 200 g L-1 chromic acid solution. The weight of the samples before 
and after the tests was measured using an analytical balance with a precision of 0.001 
CHAPTER THREE 
55 
 
g. The degradation rate Pw (mm per year) was calculated from the weight loss rate ΔW 
(mg cm-2 per day) using the equation [234]: 
Pw=2.10ΔW                                                       (3.2) 
3.3.4 Electrochemical measurement 
Discs samples with a diameter of 10 mm and thickness of 3 mm were used for the 
electrochemical tests. All samples were connected to a copper wire and then 
encapsulated in cold epoxy resin with one side exposed to SBF [53]. The 
electrochemical measurement was carried out using a Multichannel potentiostat (VSP, 
Bio-logic France) equipped with Multistate software in a digital thermostat at the 
temperature of 37 ± 0.3 Ԩ. A three-electrode cell system with a saturated calomel 
electrode (SCE) as the reference electrode, a platinum electrode (15 × 15 × 1 mm) as 
the counter electrode, and the sample mounted in cold epoxy resin as the working 
electrode was used in this study as shown in Figure 3.5.  
In order to understand the influences of the alloying elements on the degradation 
behaviours of Mg alloys, electrochemical impedance spectra (EIS) fitted with 
ZsimpWin software were measured at a frequency range from 10 mHz to 100 kHz at 
10 mV in amplitude (parameter varies in chapters). Before the electrochemical tests, 
the samples were kept in SBF for at least half hour (stabilization time depends on the 
corrosion behaviour of Mg alloys) to stabilize the open-circuit potential (OCP). Each 
specimen was kept floating at the OCP and, for each measurement of EIS, the potential 
was set to the actual OCP. 
Potentiodynamic polarization testing was conducted for each alloy before or after EIS 
measurement depending on the properties of Mg alloys (varies in different chapters). 
The potential of the electrodes was swept at a rate of 0.5 mv s-1 ranging from an initial 
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potential of ± 500 mv versus OCP (data can be partially selected). The corrosion 
current density (icorr) and degradation rate were calculated using EC-lab software 
provided by Bio-logic.  
 
 
Figure 3.5 The electrochemical workstation and the specimens: (a) VSP; (b) SBF: (c) 
Mg specimen.  
3.3.5 Microstructure characterization 
The microstructure of the alloys was investigated using optical microscopy (Olympus 
DP 70) and scanning electron microscopy (SEM, Supra 55, Zeiss) equipped for 
energy-dispersive X-ray spectrometry (EDX) with an element-mapping technique. X-
ray diffraction (XRD) was used to characterize the phase constituents of the Mg alloys 
before and after immersion tests, as shown in Fig. 3.6. 
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Figure 3.6 Instruments for microstructure characterization 
3.3.6 Corrosion morphology characterization 
Corrosion can range from pitting corrosion to massive corrosion depending on the 
microstructure, fabrication and composition of Mg alloys. Direct corrosion 
morphology of Mg alloys immersed in SBF (varies in different chapters) were carried 
out on specimens to illustrate the details of the corrosion process after or during the 
corrosion testing. For the corrosion morphology characterization, each Mg alloy 
specimen was mounted in epoxy resin with one side exposure to SBF. An optical 
microscopy (Olympus, DP70) was used to characteristic the corrosion behaviour of 
Mg alloys, and the EDX and XRD also were used to identify the phase and elements 
distribution after corrosion testing. 
3.3.7 Heat treatment 
In the binary Mg-Zr system, αZr can exist in a solid solution below 650 Ԩ. While, the 
phase-transition temperature of Sr in Mg is 585 Ԩ below 10 at. % in the Mg-Sr system. 
To obtain an indication of the temperature dependence of Sr solubility in the Mg-Zr-
Sr alloy considered in this study requires a thermodynamic assessment of the ternary 
system, the T4 heat treatment was performed on the Mg5ZrxSr alloys at rates of 5 Ԩ 
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min-1, from room temperature to 580 Ԩ using vacuum tube furnace (Fig. 3.7) under an 
ultra-pure argon atmosphere. Samples (HT-Mg5ZrxSr alloy) were held at 580Ԩ for 2 
h followed by water quench at room temperature. An overview of heat treatment was 
listed in Fig. 3.8. 
 
Figure 3.7 Vacuum tube furnace for heat treatment of Mg alloys 
 
Figure 3.8 The diagram of heat treatment on the Mg-5Zr-xSr alloys 
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3.3.8 Assessment of cytotoxicity 
Human osteoblast-like cells (SaOS2) (Barwon Biomedical Research, Geelong 
Hospital, Australia) were cultured in minimum essential medium α (MEM α, Gibco) 
supplemented with 10 % fetal bovine serum (FBS, Gibco) and 1 % 
penicillin/streptomycin in an incubator with humidified atmosphere of 5 % CO2 at 
37 Ԩ. The medium was changed every three days. After confluence, the cells were 
detached from the flask using 0.05 % trypsin-EDTA (Gibco) and then subcultured. 
SaOS2 cells were adopted to evaluate the cytotoxicity of Mg alloys in this study. The 
cytotoxicity tests were carried out using the indirect contact method [31]. Extracts 
were prepared using MEM α to extract each Mg alloy specimen with a surface area to 
MEM α ratio of 0.8 cm2 ml-1 in a humidified atmosphere of 5 % CO2 at 37 Ԩ for 72 
hour. The extracts were sterilized by filtering with a 0.22 μm filter. A negative control 
was prepared by incubating MEM α in a humidified atmosphere of 5 % CO2 at 37 Ԩ 
for 72 hour. The SaOS2 cells in MEM α were seeded in a 48-well plate with a density 
of 10,000 cells per well and incubated for 24 hour to allow attachment on the plate. 
Then, the MEM α was replaced with 400 μl respective Mg alloy specimen extracts and 
control extracts. After culturing for 1, 3 and 5 days, the cytotoxicity of Mg alloys was 
assessed using the MTS assay. In brief, the extract / control medium in each well was 
washed with PBS. And then, 300 μl phenol red free RPMI 1640 medium (Gibco) was 
added to each well. After that, 100 μl MTS / PMS solution was added to each well, 
and the plate was incubated for 1 hour at 37 Ԩ. After incubation, 100 μl solution from 
each well was transferred into a 96-well plate. The optical density (OD) was measured 
at 490 nm by a microplate reader. 
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Chapter 4 
Biocorrosion of Mg-Zr-Sr Alloys for 
Biodegradable Implant Applications 
4.1 Microstructure 
To investigate the biodegradation behaviours of Mg-Zr-Sr alloys with different Zr and 
Sr concentrations, as-cast Mg1Zr2Sr, Mg1Zr5Sr, Mg2Zr2Sr, and Mg5Zr2Sr alloys 
were studied while as-cast Mg was used as a reference. Fig. 4.1 shows the 
microstructures of as-cast Mg1Zr2Sr, Mg1Zr5Sr, Mg2Zr2Sr, and Mg5Zr2Sr alloys. It 
can be seen that the grain size within each alloy was homogenous; however, the grain 
size decreased with an increase of Zr, as can be seen in the alloys of Mg1Zr2Sr, 
Mg2Zr2Sr, and Mg5Zr2Sr (Figs. 4.1a, c and d). The microstructure of Mg1Zr5Sr (Fig. 
4.1b) shows a thicker grain boundary compared to the other alloys, and the grain size 
decreased compared to that of Mg1Zr2Sr with the same Zr content, which indicates 
that the high Sr content refined the grain size of the Mg alloys but caused thick grain 
boundaries (Figs. 4.1a and 4.1b). 
Fig. 4.2 shows the XRD patterns of the as-cast Mg-Zr-Sr alloys. The peaks of the 
phases, including Zr, the Mg matrix, and intermetallic Mg17Sr2, were identified for the 
alloys before the immersion tests. The peaks of the Mg17Sr2 phases intensified with 
increasing Sr content (as shown in Mg1Zr5Sr), which suggests that the Sr addition to 
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the Mg alloys led to the formation of the Mg17Sr2 phases. The alloying element 
distributions of the Mg1Zr5Sr alloy (with the highest Sr content) and the Mg5Zr2Sr 
alloy (with the highest Zr content) were characterized using EDX mapping and are 
shown in Figs 4.3 and 4.4, respectively. It can be seen that the grain boundaries were 
rich in Sr, indicating that the Mg17Sr2 phases were distributed along grain boundaries. 
 
Figure 4.1 Microstructures of Mg-Zr-Sr alloys: (a) Mg1Zr2Sr; (b) Mg1Zr5Sr; (c) 
Mg2Zr2Sr; (d) Mg5Zr2Sr; and (e) as-cast Mg 
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Figure 4.2 XRD patterns of Mg-Zr-Sr alloys before immersion tests 
 
Figure 4.3 EDX mapping of alloying elements for Mg1Zr5Sr 
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Figure 4.4 EDX mapping of alloying elements for Mg5Zr2Sr 
The Mg17Sr2 phases exhibited a netlike distribution that was continuous, and the 
volume fractions increased significantly with increasing Sr addition from 2 % in 
Mg1Zr2Sr to 5 % in Mg1Zr5Sr, as shown in Figs 4.1 and 4.3. In addition to the 
Mg17Sr2 phase, the Mg matrix and the fine distribution of Zr are also visible in the 
EDX mapping. Due to the higher content of Zr in Mg5Zr2Sr than in Mg1Zr5Sr, finer 
distributions of Zr are observed in the mapping of Mg5Zr2Sr. The fine distributions of 
Zr were located in the interior of the Mg matrix, with less Zr distributed on the grain 
boundaries. The different size and brightness of particles in the EDX mapping of Zr 
indicate the non-homogeneous distribution and particle size. The Mg17Sr2 phase and 
the fine distribution of the Zr phase have different potentials to that of the Mg matrix. 
This potential difference may lead to galvanic effects for Mg-Zr-Sr alloys, and 
significantly affect the degradation behaviour [48, 65]. 
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4.2 Degradation behaviours of Mg-Zr-Sr alloys 
To investigate the effects of Zr and Sr on the degradation of the Mg alloys, the 
hydrogen evolution of Mg-Zr-Sr alloys in SBF against immersion time was measured 
and this is summarized in Fig. 4.5. As can be seen, Mg alloys with different Zr and Sr 
additions suffered different attacks from SBF in the increasing order of Mg1Zr2Sr < 
as-cast Mg < Mg2Zr2Sr < Mg1Zr5Sr < Mg5Zr2Sr, which suggests that Mg1Zr2Sr and 
Mg2Zr2Sr are relatively stable compared to Mg1Zr5Sr and Mg5Zr2Sr. The hydrogen 
evolution curves indicate that Mg5Zr2Sr exhibited the highest degradation rate of all 
Mg alloys, which may be attributable to the acclerated galvanic effects of both the 
single phase of Zr and the intermetallic Mg17Sr2 phase. During the hydrogen evolution 
testing, Mg1Zr5Sr produced less hydrogen gas than Mg5Zr2Sr but more hydrogen gas 
in comparison to the other Mg alloys. Based on the hydrogen evolution curves, it is 
noted that the addition of excessive Zr and Sr to Mg reduced the biocorrosion 
resistance. Fig. 4.6 shows the weight loss rates of the Mg-Zr-Sr alloys after the 
immersion tests. The weight loss for Mg1Zr2Sr was 7.05 mg cm-2 per day, which is 
2.74 times lower than that of as-cast pure Mg (19.13 mg cm-2 per day). Both the 
hydrogen evolution and the weight loss tests clearly indicate that Mg1Zr2Sr exhibited 
the lowest degradation rate among all the Mg alloys studied, while Mg1Zr5Sr and 
Mg5Zr2Sr showed relatively high degradation rates in SBF in comparison to other 
Mg-Zr-Sr alloys.The degradation rates related to hydrogen evolution and weight loss 
were calculated according to Eqs. (3.1) and (3.2) and are shown in Fig. 4.7. It can be 
seen that Mg1Zr2Sr exhibited the lowest degradation rate in comparison to the other 
Mg alloys studied and the reference as-cast Mg. The degradation rates of the Mg-Zr-
Sr alloys based on hydrogen evolution were slightly lower than or relatively close to 
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those based on weight loss. The difference was probably caused by the uncollected 
hydrogen gas bubbles that adhered to the burette walls. 
 
Figure 4.5 Hydrogen evolution of Mg-Zr-Sr alloys immersed in SBF 
 
Figure 4.6 Weight loss rates of Mg alloys in SBF 
CHAPTER FOUR 
66 
 
 
Figure 4.7 Degradation of Mg-Zr-Sr alloys and as-cast Mg reference 
In general, the cathodic polarization curve is controlled by the hydrogen evolution 
reaction through water reduction, whereas the anodic polarization curve represents the 
degradation of Mg in SBF [89, 90]. The polarization curves of the Mg-Zr-Sr alloys 
after 2 hour of stablization in SBF and the results are shown in Fig. 4.8 and Table 4.1, 
respectively. It can be seen that the current density showed an increase with increasing 
Sr content from Mg1Zr2Sr to Mg1Zr5Sr. Generally, high current density in a 
polarization test represents a high degradation rate. Thus, among all the Mg-Zr-Sr 
alloys, Mg1Zr2Sr exhibited the lowest degradation rate, whereas Mg5Zr2Sr showed 
the most rapid degradation. It can be concluded that the addition of excessive Zr (5 %) 
to the Mg alloys greatly reduced the biocorrosion resistance. In particular, the addition 
of excessive Zr to the Mg alloys resulted in an increase in the cathodic reaction kinetics 
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and a reduction in the anodic reaction kinetics, and therefore accelerated the anodic 
dissolution in the polarization tests. It should be noted that Sr played a different role 
than Zr in the corrosion kinetics. The OCP of the Mg matrix moved in a positive 
direction with increasing Sr addition from 2 to 5 % and, therefore, the cathodic reaction 
preferentially occurred on the cathodic branches, which led to accelerated degradation 
rates in the polarization tests. 
 
Figure 4.8 Polarization curves of Mg-Zr-Sr alloys after immersion in SBF for 2 hour 
The EIS spectra for the Mg-Zr-Sr alloys and as-cast Mg measured at the corrosion 
potential in SBF are presented in Fig. 4.9. As can be seen, their responses to an applied 
corrosion potential were significantly different. The Nyquist spectra of Mg1Zr2Sr and 
cast Mg display two high and medium frequency capacitance loops, as well as one low 
frequency inductive loop. However, Mg1Zr5Sr, Mg2Zr2Sr, and Mg5Zr2Sr showed 
different degradation behaviours, and the Nyquist plots of these alloys consist of a high 
CHAPTER FOUR 
68 
 
to medium frequency capacitance loop and a medium to low frequency inductive loop. 
The inductive loop is attributable to the partially protective surface layer, and the 
capacitance loop is related to the Mg+ ion concentration within the broken area of the 
surface [235]. In the Bode plots of |Z| versus frequency, the impedance values of Mg-
Zr-Sr alloys and as-cast Mg reduce from high frequency to low frequency, and 
Mg5Zr2Sr showed the lowest impedance compared to the other alloys. As for the Bode 
plots of phase versus frequency, wave crests are visible in the low frequency regions 
for all alloys and as-cast Mg, indicating the presence of inductance loops 
Although pitting occurred in all Mg-Zr-Sr alloys and as-cast Mg, the degradation 
behaviours in SBF of the alloys were different. In order to further clarify the 
degradation behaviours of the Mg-Zr-Sr alloys, the EIS spectra were analyzed based 
on the equivalent circuits, as shown in Fig. 4.10. The data were fitted using an Ec-lab 
equipped with ZsimpWin and the results are listed in Table 4.2, in which Rs represents 
the solution resistance, CPE1 and CPE2 are the constant phase elements in parallel 
with the resistive elements, and each CPE has a capacitance (designated, for example, 
C1.T and C2.T) and an associated phase angle (designated, for example, n1 and n2). The 
CPE is generally used in place of a capacitor to compensate for the non-homogeneity 
of the electrochemical system. Rfp is the resistance of a partially protective film above 
a localized corrosion event or micro-galvanic event, Rtp is the charge transfer 
resistance associated with the localized pitting and micro-galvanic events, and L 
indicates the inductance at low frequency. Generally, the diameter of the first 
capacitive loop at high frequency or high to medium frequency typically represents the 
resistance of the surface film and its influence on the degradation behaviours of Mg-
Zr-Sr alloys (Rfp) [236]. A higher Rtp value implies a lower degradation rate [235].  
.
 69 
 
Table 4.1 Corrosion of Mg-Zr-Sr alloys and as-cast Mg in SBF 
Materials Hydrogen evolution rate (ml cm-2 day-1) 
Corrosion rate* 
(mm year-1) 
Weight loss rate 
(mg cm-2 day-1) 
Corrosion rate** 
(mm year-1) 
icorr 
(μA cm-2) 
Pi*** 
(mm y-1) 
Mg1Zr2Sr 6.31 14.39 7.05 14.80 499.62 11.42 
Mg1Zr5Sr 42.36 96.53 48.32 101.47 3020.52 68.55 
Mg2Zr2Sr 30.82 70.23 34.50 72.45 2500.41 57.13 
Mg5Zr2Sr 93.31 212.64 105.51 221.58 6714.33 153.09 
As-cast Mg 17.32 39.47 19.13 40.18 1411.15 31.99 
* calculated on the H2 evolution rate; ** calculated on the weight loss rate; *** calculated on the potentiodynamic polarization 
Table 4.2 Fitting results of the EIS spectra 
Specimen Rs (Ω cm2) Rfp (Ω cm2) C1.T (10-6 F cm-2) n1 C 2.T (10-6 F cm-2) n2 Rtp (Ω cm2) L (H cm-2) 
Mg-1Zr-2Sr 38.4 552.8 2104.4 1.0000 53.9 0.6789 569.80 1402.0 
Mg-1Zr-5Sr 30.4 188.9 783.8 0.5486 136.5 0.9857 78.10 258.9 
Mg-2Zr-2Sr 32.3 224.6 115.5 0.7052 22.1 0.4524 115.70 47.9 
Mg-5Zr-2Sr 31.2 96.2 270.9 0.6649 99.5 0.5495 32.13 46.4 
As-cast Mg 32.1 238.9 52.1 0.7692 72.2 0.5218 192.30 584.5 
CHAPTER FOUR 
70 
 
 
 
CHAPTER FOUR 
71 
 
 
Figure 4.9 EIS spectra of Mg-Zr-Sr alloys after immersion in SBF for 2 hour: (a) 
Nyquist plots; (b) Bode plots of |Z| vs. frequency and (c) Bode plots of phase vs. 
frequency 
 
Figure 4.10 Equivalent circuits of the EIS spectra. 
It can be seen that Mg1Zr2Sr had higher Rfp and Rtp values compared to the other 
alloys and as-cast Mg (Table 4.2), indicating a better resistance to biocorrosion. The 
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lower Rtp value of Mg5Zr2Sr suggests severe attack in view of the absence of an 
inductance loop, and the significant reduction in the diameter of the capacitance loop. 
In the presence of Cl- in SBF, the surface layer of the Mg-Zr-Sr alloys was chemcially 
reactive, and the electrode processes on the surface layer of Mg5Zr2Sr were much 
faster than those of the other alloys due to lower biocorrosion resistance (Fig. 9b). This 
is the reason that the inductive loop of Mg5Zr2Sr was in a range from medium to low 
frequency, whereas the inductive loops at low frequency indicated breaks in the 
surface film and so only partial protection for the alloys. 
 
Figure 4.11 Degradation morphologies of Mg-Zr-Sr alloys after polarization tests in 
SBF: (a) Mg1Zr2Sr; (b) Mg1Zr5Sr; (c) Mg2Zr2Sr; and (d) Mg5Zr2Sr. 
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4.3 Morphologies and degradation products of Mg alloys immersed 
in SBF 
Fig. 4.11 shows the morphologies of the Mg-Zr-Sr alloys after the polarization tests. 
As can be seen, some sites of the four alloys were degraded on account of the constant 
polarization. The surface of Mg1Zr2Sr was relatively intact with much less damage 
compared with the other Mg-Zr-Sr alloys, while severely corroded sites were observed 
for Mg5Zr2Sr (Fig. 4.11d), with some regions of its surface dissolved in SBF and the 
remainder of the surface exhibiting a loosened structure. The morphologies of the 
degraded surfaces show that the depth of corroded sites increased in the order of 
Mg1Zr2Sr < Mg2Zr2Sr < Mg1Zr5Sr < Mg5Zr2Sr, which indicates that Mg1Zr2Sr had 
the best biocorrosion resistance in SBF while Mg5Zr2Sr suffered the severest 
degradation. 
The morphogies of the biodegraded Mg-Zr-Sr alloys after immersion in SBF for 6 hour 
are shown in Fig. 4.12. It can be seen that the surface of Mg1Zr2Sr was covered with 
a thin degradation product and the grinding scratches were still visible, suggesting that 
Mg1Zr2Sr suffered a slight attack after immersion in SBF for 6 hour (Fig. 4.12a). In 
the case of Mg1Zr5Sr, peeling-off occurred due to the dehydration of the surface after 
having been taken out of SBF and dried in cool air. However, it was still covered with 
an integrated surface film. The EDX investigation on spot 1 of Mg1Zr5Sr shows that 
the degradation product was composed of oxygen, sodium, magnesium, strontium, 
phosphorus, chloride, and calcium (the carbon was from the carbon coating) (Fig. 
4.12e). The high intensities of phosphorus, as shown in Fig. 4.12e, indicates that the 
degradation product was rich in phosphorus, oxygen, magnesium, and calcium. 
Mg2Zr2Sr (Fig. 4.12c) exhibited fewer cracks compared with Mg1Zr5Sr. The grinding 
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scratches of Mg2Zr2Sr were still visible, and the surface showed slighter corrosion, 
although there were traces of peeling-off in comparison to Mg1Zr5Sr. Mg5Zr2Sr (Fig. 
4.12d) exhibited severe corrosion and loss of surface integrity. The EDX investigation 
on spot 2 of Mg5Zr2Sr (Fig. 4.12f) shows that the peaks of phosphorus and calcium 
were significantly lower than those of spot 1 of Mg1Zr5Sr, suggesting different 
chemcial compostions of the degradation products on Mg1Zr5Sr and Mg5Zr2Sr.  
 
Figure 4.12 Surface morphologies of Mg-Zr-Sr alloys after immersion in SBF for 6 
hour: (a) Mg1Zr2Sr; (b) Mg1Zr5Sr; (c) Mg2Zr2Sr; (d) Mg5Zr2Sr; (e) EDX of spot 1 
on the surface of Mg1Zr5Sr; and (f) EDX of spot 2 on the surface of Mg5Zr2Sr. 
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Figure 4.13 Surface morphologies of Mg-Zr-Sr alloys after immersion in SBF for 24 
hour: (a) Mg1Zr2Sr; (b) Mg1Zr5Sr; (c) Mg2Zr2Sr; and (d) Mg5Zr2Sr. 
Fig. 4.13 shows the surface morphologies of the Mg-Zr-Sr alloys after 24 hour of 
immersion in SBF. As can be seen from Fig. 4.13a, Mg1Zr2Sr maintained surface 
integrity even after 24 hour of immersion in SBF. However, a peeled-off surface was 
observed from the highly magnified SEM image due to dehydration. The hardly visible 
grinding scratches indicate a stabler degradation product layer formed on the surface 
compared with that of 6 hour’ immersion in SBF (Fig. 4.12a). In the case of Mg2Zr2Sr, 
many cracks divided the surface into a network structure (Fig. 4.13c). The SEM image 
at high magnfication of Mg2Zr2Sr reveals that the degradation product layer on the 
surface had features with micro-pores, and acted as a membrane that temporarily 
isolated the alloy from attack by SBF. However, SBF can penetrate the micro-pores 
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and penetrate this membrane, leading to further deterioration of the Mg substrate under 
the degradation product layer. Owing to the galvanic effects of Mg17Sr2, Mg1Zr5Sr 
showed non-uniform degradation, which was evidenced by the different thicknesses 
of the degradation product layer on the surface (Fig. 4.13b). Mg5Zr2Sr showed the 
fastest degradation rate among the Mg-Zr-Sr alloys. Some regions on the surface of 
Mg5Zr2Sr were disintegrated into fragments. Several very large degraded holes 
appeared on the surface, as shown in the highly magnified SEM image (Fig. 4.13d). 
From comparison with the morphologies after polarization tests and the 6-hour and 
24-hour degraded surfaces in SBF, it can be concluded that Mg1Zr2Sr with its 
degradation product layer showed the strongest biocorrosion resistance, which is 
consistent with the results of the hydrogen evolution, weight loss, and polarization 
tests, and EIS. 
Fig. 4.14 shows the XRD patterns of the surface layers with degradation products after 
24 hour of immersion in SBF. It can be seen that the degradation products on the 
surfaces of the Mg-Zr-Sr alloys mainly contained Mg(OH)2 and HA. Specifically, the 
intensities of Mg(OH)2 and HA in Mg1Zr2Sr were higher than those of the other alloys, 
suggesting more effective protection provided by its degradation products. 
4.4 Effects of Zr on the degradation of Mg-Zr-Sr alloys 
There is broad agreement that the degradation behaviour of Mg alloys is significantly 
influenced by the grain size, grain boundary, and phase distribution [7, 90]. The  
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Figure 4.14 XRD patterns of Mg-Zr-Sr alloys after 24 hour’ immersion in SBF 
alloying element Zr has a relatively low solid solubility in an Mg matrix; however, it 
has a powerful grain-refining effect on Mg alloys [7]. Zr acts as a nucleation site during 
solidification, thus strongly restricting the growth of crystal grains [95]. In addition, 
Zr shows great enhancement of the biocorrosion resistance of Mg alloys [31, 237]. 
Song et al. [238] found that the enrichment of Zr in the grain centre resulted in 
improvement in the corrosion resistance of this zone. However, the addition of 
excessive Zr to Mg (5 % in this study) led to accelerated degradation due to the 
galvanic effects between unalloyed Zr and the Mg matrix [238]. Zhou et al. [237] 
investigated the effect of Zr addition on the degradation of Mg-Ca alloys and found 
that the degradation rate increased significantly with an increase in Zr content in Mg-
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Zr-Ca alloys. Ben-Hamu et al. [239] reported that some sites of Mg alloys with more 
homogenously distributed fine Zr particles in the Mg matrix showed a relatively lower 
degradation rate compared with an Mg matrix with non-homogeneously distributed Zr 
particles. These findings demonstrated that there is an optimal Zr concentration in Mg 
alloys, and the degradation rate of Mg-Zr-based alloys depends on the Zr concentration 
and its distribution. 
The effects of Zr on degradation are clearly illustrated by the polarization curves in 
this study (Fig. 4.8). It has been found that the current density icorr increased constantly 
with the increasing addition of Zr; this can be seen through inspection of the 
polarization branches in Fig. 4.8. The polarization curves reveal a decreased cathodic 
reaction with the increasing addition of Zr. Furthermore, Zr addition also significantly 
boosted the anodic reaction. The increase in anodic reaction rate led to an increase in 
current density icorr although there was a slight reduction in cathodic reaction with Zr 
addition. It was demonstrated that the boosted anodic reaction depended on the Zr 
particles. The unalloyed Zr particles, indicated in the EDX mapping of Mg5Zr2Sr and 
Mg1Zr5Sr, exhibited non-homogeneous distribution in the Mg matrix, and this was 
the reason for the acceleration in the degradation rates of the Mg alloys [41]. The non-
homogeneous unalloyed Zr particles had a strong correlation with the boosted anodic 
reaction. The surface of the Mg-Zr-Sr alloys was covered by a degradation product 
layer with many micro-pores, as shown in Figs 4.12 and 4.13. Non-homogeneously 
distributed Zr particles in the Mg matrix exhibited irregular sizes and configurations, 
which resulted in defects surrounding the Zr particles. These defects are weak links 
once immersed in SBF. The Mg matrix surrounding the Zr particles preferentially 
degrades, contributing to the galvanic effects between Zr and the Mg matrix and 
therefore reducing the biocorrosion resistance of the alloys. With prolonged immersion 
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time, Zr particles may fall off the surface, resulting in more defects on the surface and 
leading to breakages in the degradation product layer. This process causes the 
occurrence of pitting. 
4.5 Effects of Sr on the degradation of Mg-Zr-Sr alloys 
The investigation of degradation rates according to hydrogen evolution, weight loss, 
and polarization tests, and degradation morphologies in this study has revealed that the 
result with respect to the optimal amount of Sr content in Mg alloys is ≤ 2 %. Gu et al. 
[65] found that binary Mg-Sr alloys with 2 % Sr addition showed the best biocorrosion 
resistance compared with other alloys with higher Sr concentrations. They believed 
the improvement in the biocorrosion resistance of the Mg2Sr alloy was caused by the 
reduced micro-shrinkage porosity and the reduced grain size caused by Sr addition, 
which thus inhibited the negative effects of micro-pores on the biocorrosion resistance 
of the Mg alloy. Recent studies of the degradation of Mg-Sr alloys have shown broad 
agreement that the degradation behaviour is associated with the volume fraction and 
distribution of the intermetallic Mg17Sr2 phase [48, 65]. Due to the small dimension of 
the Mg17Sr2 phase, the volume fraction of the Mg17Sr2 phase in the Mg-Zr-Sr alloys 
cannot be characterized precisely. However, its volume fractions in the four alloys can 
be easily compared based on the microstructure, indicated in Fig. 4.1. As can be seen, 
the Mg1Zr5Sr alloy exhibited the highest volume fraction of the Mg17Sr2 phase 
distributed along the largest grain boundary zones and had the highest degradation rate 
compared to that of the Mg1Zr2Sr alloy. 
Gu et al. [65] studied the degradation behaviours of binary Mg-xSr (x=1, 2, 3, 4 %) 
alloys and found that the degradation rates of Mg-xSr alloys with Sr content above 2 % 
increased greatly. They believed that Mg17Sr2 phases are more inert than that of the 
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Mg matrix. The Mg matrix and Mg17Sr2 phases have different electrochemical 
potentials when exposed to aqueous environments, resulting in galvanic effects 
between the Mg17Sr2 phase and the Mg matrix. The experimental results in this study 
indicate that Sr addition slightly decreased the grain size and was associated with the 
formation of Mg17Sr2, which strongly affected the corrosion behaviours of the Mg 
alloys. In the alloys with the same Zr concentration (Mg1Zr2Sr and Mg1Zr5Sr), the 
Mg1Zr5Sr, with more Sr, exhibited higher current density and thicker boundaries. The 
reduced biocorrosion resistance can be ascribed to the large grain boundary zones 
where more Mg17Sr2 resided, which enhanced the galvanic effects between the 
Mg17Sr2 phase and the Mg matrix. This enhanced galvanic effect can be seen from the 
increasing corrosion potential of Mg1Zr5Sr. The polarization curves indicate that Sr 
addition from 2 % in Mg1Zr2Sr to 5 % in Mg1Zr5Sr resulted in an increase in the 
corrosion potential Ecorr by an amount of 279 mV. This indicates that Mg17Sr2 is more 
thermodynamically stable than the Mg matrix, therefore increasing the corrosion 
potential of Mg1Zr5Sr. The polarization curves also reveal that the effects of Sr 
addition on the degradation behaviour showed in the enhanced rate of the cathodic 
reaction and the retarded rate of the anodic reaction, which is in accordance with the 
results of Gu et al. [65] but deviates from the results of Bornapour et al. [66]. In the 
case of the anodic branch of the polarization curves, Mg1Zr5Sr exhibited an inhibition 
in the degradation rate compared with Mg1Zr2Sr, which can be linked to the higher 
volume fraction of the Mg17Sr2 phase in this alloy. However, the retardation in the 
anodic reaction was not great enough to counteract the increase in the cathodic reaction, 
and finally resulted in an increase in current density. 
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4.6 Effects of surface layer on the degradation behaviour of Mg-Zr-
Sr alloys 
The degradation of Mg alloys in aqueous environments mainly proceeds by a reaction 
with water to product magnesium hydroxide and hydrogen gas [90]. Zhu et al. [91] 
studied the formation of magnesium hydroxide on the surface of AZ31 in Hank’s 
solution for 31 days and found that, at the early stage, an Mg(OH)2 layer gradually 
formed on the alloy and led to a decrease in the degradation rate. However, this partial 
protection was reduced with an increase in immersion time because the thickness of 
the Mg(OH)2 layer decreased due to attack by Cl-. Brar et al. [64] found that a 
Mg(OH)2 layer was deposited on Mg-Sr alloys, and acted as a barrier film, therefore 
reducing the degradation rate of the Mg alloys. 
In this study, EDX investigation of the degradation product layer of the Mg5Zr2Sr 
alloy immersed in SBF after 6 hour (Fig. 4.12f) showed it contained calcium, oxygen, 
sodium, magnesium, strontium, and phosphate. In contrast, there were only peaks for 
oxygen, magnesium, and chloride with Mg5Zr2Sr after immersion in SBF for 24 hour 
(Fig. 4.13d). The difference in the peaks indicates the dissolution of Mg(OH)2 in SBF. 
In addition, the XRD patterns (Fig. 4.14) of the Mg-Zr-Sr alloys after immersion in 
SBF for 24 hour also reveal that Mg5Zr2Sr had the lowest intensity of Mg(OH)2 
compared with the other alloys. These findings imply that Mg(OH)2 on the surface of 
Mg-Zr-Sr alloys dissolves gradually, and it only provides partial protection for Mg-
Zr-Sr alloys in SBF. It has been reported that if the medium contains any chlorides 
with concentrations above 30 mmol L-1, the hydroxide would dissolve gradually and 
convert to MgCl2 [240]. As for the SBF in this study, the chloride content was 
approximately 150 mmol L-1, and therefore the Mg(OH)2 on the surface was damaged 
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gradually. Moreover, the porous structure of Mg(OH)2 as shown in Fig. 4.13 
deteriorated rapidly because Cl- penetrated the porous film and further attached itself 
to the interior Mg substrate.  
It has been demonstrated that the addition of excessive Sr to Mg alloys reduces 
biocorrosion resistance [48]. However, Gu et al. revealed that Mg2Sr alloys still 
possess better biocorrosion resistance than pure Mg [65]. Brar et al. found that an Sr-
substituted HA layer was observed on an Mg-Sr alloy during biocorrosion in SBF, and 
this layer improved the biocorrosion resistance and retarded further degradation [64]. 
Nam et al. [67] also found that the addition of Sr to a base material of Mg5Al had a 
significant effect on the grain boundaries, corrosion resistance, and surface film, and 
contributed to the formation of a hydroxide protective film on the Mg alloy. These 
findings demonstrated that Sr addition promotes the formation of an oxide layer, which 
leads to further protection [66]. Although Sr can provide these benefits to Mg alloys, 
the addition of excessive Sr may cause an increase in degradation due to the formation 
of the intermetallic phase Mg17Sr2. The oxide film around the Mg17Sr2 phase is highly 
active because of the presence of more defects in those areas [241]. Addition of 
excessive Sr results in an increase in the volume fraction of Mg17Sr2, thus leading to 
the formation of more active sites around the oxide films. Generally, oxide films 
remain intact and maintain their integrity without interference from other phases. 
However, due to the presence of the Mg17Sr2 phase in the Mg-Zr-Sr alloys, in particular 
for Mg1Zr5Sr with a high Sr content of 5 %, the protection of the oxide film could be 
weakened. 
Recent studies [48, 49, 64, 66] have indicated that there are optimal concentrations for 
Zr and Sr in Mg alloys. The addition of Zr in Mg alloys should be less than 2 % as 
further Zr addition results in more defects on the surface and boosts the anodic reaction. 
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As for Sr addition in Mg alloys, this should not be higher than 2 %. The addition of 
excessive Sr leads to accelerated galvanic effects and discontinuity of the protective 
oxide film, which reduces the biocorrosion resistance of Mg-Zr-Sr alloys. 
4.7 Biocorrosion propagation of Mg-Zr-Sr alloys in SBF 
A schematic model can be established for a better understanding of the biocorrosion 
propagation of Mg-Zr-Sr alloys in SBF, as shown in Fig. 4.15. After immersion of an 
Mg alloy sample in SBF, an electrochemical reaction proceeds on its surface, based on 
three reactions [90]: 
Mg → Mg2+ + 2e- (anodic reaction)                                                                         (4.3) 
2H2O + 2e- → H2 + 2OH- (cathodic reaction)                                                         (4.4) 
Mg2+ + 2OH- → Mg(OH)2 (product formation)                                                      (4.5) 
Fig. 4.15a illustrates the initial degradation of an Mg alloy sample exposed to SBF. 
The reaction in Eq. 4.3 mainly occurs on the exposed regions of the Mg matrix, which 
is directly oxidized to Mg2+. The degradation of the Mg matrix is associated with the 
Mg17Sr2 phase, as the degradation rate increases with the increasing volume fraction 
of Mg17Sr2 due to enhanced galvanic effects. As for Mg-Zr-Sr alloys with high Zr and 
Sr additions, defects on the surface allow for greater exposure to SBF and the resulting 
galvanic effects accelerate the degradation of the Mg matrix. 
With increasing concentrations of Mg2+ (Eq. 4.3) and pH values (Eq. 4.4) surrounding 
the surface of the sample, an Mg(OH)2 film (Eq. 4.5) gradually forms, as shown in Fig. 
4.15b. Thus, the degradation of the Mg alloy sample is retarded due to the presence of 
the protective layer of Mg(OH)2. However, this film itself contains many micro-pores, 
resulting in only partial protection for Mg-Zr-Sr alloys (Fig. 4.13). Moreover, the film 
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is further damaged and loses its integrity because of the non-homogeneously 
distributed Zr particles and the active phase of Mg17Sr2. 
Due to the relatively high chloride concentration in SBF, the Mg(OH)2 film in a Cl- 
rich area is converted to Mg2+. In addition, Cl- penetrates the porous structural surface 
and further deteriorates the interior Mg matrix beneath the film, reducing the adhesion 
of the partially protective Mg(OH)2 film to the interior Mg matrix. The Mg(OH)2 film 
in some regions peels off the surface, leading to accelerated degradation (Fig. 4.15c). 
Meanwhile, the Mg matrix around the Mg17Sr2 phase preferentially degrades, due to 
the micro-galvanic effects between the Mg17Sr2 phase and the Mg matrix.  
Even though the Mg matrix is corroded constantly in SBF, some regions are still 
covered by the newly formed Mg(OH)2 film. The Mg2+ at the interface of the Mg 
matrix and SBF could pass through the porous film to form new Mg(OH)2 on the 
exterior surface. The constant degradation of the Mg matrix results in alkalization in 
the regions with fast degradation. In particular, the OH- concentration near the 
substrate surface increases, and this provides nucleation sites for HA [242]. The 
undissolved Mg(OH)2 film and the newly formed Mg(OH)2 film are expected to be the 
“breeding ground” for HA nucleation through consuming the Ca2+ and P5+ in the SBF 
(Fig. 4.15d). 
In some regions of the Mg sample surface, the dissolution and formation of Mg(OH)2 
cannot reach a “dynamic equilibrium” with an uniform distribution of Mg(OH)2 on the 
surface of the Mg-Zr-Sr alloy. Some active regions produce more Mg2+, which attracts 
a high concentration of Cl- in these regions. The accumulated chloride could severely 
attack the regions with less protection, along with the galvanic effects. Consequently, 
some degraded residues escape from the matrix (Fig. 4.15e), producing local pits in 
the Mg matrix, as shown in Fig. 4.13d. 
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Figure 4.15 Schematic model for biocorrosion propagation of Mg-Zr-Sr alloys in SBF: (a) dissolution of Mg matrix due to galvanic effects; (b) partially 
protective film of Mg(OH)2; (c) dissolution of Mg(OH)2 due to deterioration by Cl-; (d) formation of HA; (e) corrosive residues escaping from Mg matrix.
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4.8 Summary 
In this study, the degradation behaviours of Mg-Zr-Sr alloys were systematically 
studied using electrochemical techniques, hydrogen evolution, and weight loss in 
simulated body fluid (SBF), and the optimal concentrations of Zr and Sr were 
established. Conclusions are as follows: 
(1) The Mg-Zr-Sr alloys contained fine Zr particles, an Mg matrix and an Mg17Sr2 
phase. The fine Zr particles were mainly distributed in the Mg matrix, which led to 
refined grain sizes of the Mg-Zr-Sr alloys. However, more defects on the surface 
formed with the addition of excessive Zr particles and that reduced the biocorrosion 
resistance.  
(2) Compared to as-cast pure Mg, Sr addition refined the grain sizes of the Mg-Zr-Sr 
alloys, but it also led to the formation of an Mg17Sr2 phase. The degradation rates of 
the Mg-Zr-Sr alloys accelerated with the addition of excessive Sr (˚2 %) due to the 
enhanced galvanic effects between the Mg17Sr2 phase and the Mg matrix.  
(3) Surface characterization reveals that an Mg(OH)2 film with a porous structure 
formed on the surface of Mg-Zr-Sr alloys containing high Sr levels. The porous 
structural Mg(OH)2 allowed the penetration of chloride into the interior Mg matrix, 
speeding up the corrosion of the Mg alloys.  
(4) The Mg1Zr2Sr alloy exhibited a degradation rate 2.74 times slower than that of 
pure Mg, which makes it a promising biodegradable implant material. 
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Chapter 5 
Effects of Second Phase on the Biocorrosion 
Behaviour of Mg-Zr-Sr Alloys 
Although studies proved that the biocorrosion behaviour of Mg-Sr based alloys mainly 
depends on the Sr concentration, there is no clearly understanding the role of the 
Mg17Sr2 second phase in the degradation of Mg alloys. The results of Chapter 4 
revealed that the Mg5Zr2Sr exhibited the improved grain refinement and the 
discontinued second phase along the boundary zone, but had higher degradation rate 
compared to other Mg-Zr-Sr alloys. In this chapter, Mg5Zr2Sr, Mg5Zr5Sr with high 
Sr addition (lead to increased volume fraction of the Mg17Sr2 phase) and, Mg5Zr 
without the Mg17Sr2 as control group were selected to investigate the effects of second 
phase on the degradation of Mg-Zr-Sr alloys.  
5.1 Microstructure of Mg5ZrxSr alloys 
Fig. 5.1 shows the XRD diffraction patterns of as-cast Mg5ZrxSr and HT-Mg5ZrxSr 
alloys. As can be seen that all Mg5ZrxSr alloys contained three phases, Zr-phase, 
Mg17Sr2 phase and α Mg matrix. The peaks of Mg17Sr2 phase intensified with 
increasing Sr content (as shown in as-cast Mg5Zr5Sr), which suggested that Sr 
addition to Mg alloys led to the formation of the Mg17Sr2 phase. HT-Mg5ZrxSr alloys, 
after heat treatment, exhibited lower Mg17Sr2 phase intensity compared to that of as-
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cast Mg5ZrxSr alloys, which indicated the decrease in the volume fraction of the 
Mg17Sr2 phase. 
 
Figure 5.1 XRD patterns of the as-cast Mg and HT-Mg alloys 
The alloying element distribution of Mg5ZrxSr alloys were characterized using SEM 
equipped with EDX mapping and was shown in Fig. 5.2. As can be seen that the 
grain size within each as-cast Mg5ZrxSr alloy was homogenous, and there was no 
conspicuous difference in the grain size between as-cast Mg5Zr2Sr and as-cast 
Mg5Zr5Sr, which suggested that the addition of excessive Sr to Mg alloys had no 
strong correlation with grain size, which is consistent with the findings in Li et al.’s 
report [48]. The grain boundaries were rich in Sr, indicated that the white net-like 
regions in as-cast Mg5ZrxSr alloys were the Mg17Sr2 precipitate phases. The volume 
fractions of the Mg17Sr2 phase increased significantly with increasing Sr addition  
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Figure 5.2 Microstructure of Mg-5Zr-xSr and HT-Mg-5Zr-xSr alloys with alloying 
elements mapping: (a) as-cast Mg5Zr; (b) HT-Mg5Zr; (c) as-cast Mg5Zr2Sr; (d) HT-
Mg5Zr2Sr; (e) as-cast Mg5Zr-5Sr; (f) HT-Mg5Zr5Sr. 
from 2 % in as-cast Mg5Zr2Sr to 5 % in as-cast Mg5Zr5Sr as shown in Fig. 5.2c and 
Fig. 5.2e. It is notable that the microstructure of HT-Mg5Zr2Sr and HT-Mg5Zr5Sr 
significantly changed as shown in Fig. 5.2d and Fig. 5.2f. A sharp decrease in the 
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volume fraction of the Mg17Sr2 phases was observed in both HT-Mg5Zr2Sr and HT-
Mg5Zr5Sr alloys, which indicated that partial Mg17Sr2 phases dissolved into Mg 
matrix in the process of heat treatment. The reduced volume fraction of the Mg17Sr2 
phase led to the decrease of grain boundaries for HT-Mg5Zr2Sr. As for the HT-
Mg5Zr5Sr, the grain boundaries were still visible, and it still contained more 
precipitate Mg17Sr2 phases than that of HT-Mg5Zr2Sr, which is in good agreement 
with the peak intensity of XRD patterns for all Mg5ZrxSr alloys. In addition, the 
Mg17Sr2 phases in HT-Mg5Zr2Sr and HT-Mg5Zr5Sr showed different configuration. 
Mg17Sr2 particles with large scale were visible in HT-Mg5Zr2Sr. While, the Mg17Sr2 
phases in HT-Mg5Zr5Sr exhibited bar shapes along the grain boundaries.  
5.2 Biocorrosion behaviour of Mg alloys in SBF 
In order to investigate the corrosion progress of Mg5ZrxSr alloys, in particular the 
surface changes during the corrosion testing, the EIS spectra for the as-cast Mg5ZrxSr 
and HT-Mg5ZrxSr alloys measured at the open circuit potential in SBF are presented 
in Fig. 5.3. It can be seen that the Nyquist plots of each alloy has two capacitive loops 
(CP) and an inductive loop: a CP was at high frequency, a CP at medium frequency 
and an inductive loop at low frequency. Fig. 5.3a presents the EIS Nyquist plots for 
as-cast Mg5Zr. The Nyquist plots were all similar in shape but different in diameters. 
The diameter of the CP at high frequency increased with the increasing immersion 
time, which represents the formation of corrosion products on the surface of as-cast 
Mg-5Zr. Fig. 5.3b presents the Nyquist plots for HT-Mg5Zr. The diameters of the 
capacitive loop at 4 hour and 6 hour are similar, and are higher than that of capacitive 
loop at 2 hour. The similar diameters of HT-Mg5Zr at 4 hour and 6 hour indicate the 
stabilization of the surface during this corrosion testing.  
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Figure 5.3 Nyquist plots of Mg alloys in SBF at the open circuit potential for 6 hour at 
37 ± 0.5 Ԩ: (a) As-cast Mg5Zr, (b) HT-Mg5Zr, (c) As-cast Mg5Zr2Sr, (d) HT-
Mg5Zr2Sr, (e) As-cast Mg5Zr5Sr, (f) HT-Mg5Zr5Sr. 
Fig. 5.3c presents the EIS Nyquist plots for as-cast Mg5Zr2Sr. The shapes of the plots, 
and the diameters of the capacitive loops at different immersion time are similar. With 
prolonged immersion, the diameter of inductive loop (at 6 hour) was higher than that 
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of the loops at 2 hour and 4 hour, which indicates the aggressive attack of as-cast 
Mg5Zr2Sr. There was a significant elevation in the diameter of CP loops for HT-
Mg5Zr2Sr as shown in Fig. 5.3d, suggesting the enhanced biocorrosion resistance of 
HT-Mg5Zr2Sr. Moreover, the similar diameter of high frequency CP loops from 2 
hour to 6 hour for HT-Mg5Zr2Sr indicate the relatively stable surface, and the surface 
layer was biocorrosion resistant compared to that of as-cast Mg5Zr2Sr. 
 
Figure 5.4 Equivalent circuits of Mg alloys 
As-cast Mg5Zr5Sr exhibited relatively more stable biocorrosion behaviour from 2 
hour to 6 hour compared to as-cast Mg5Zr2Sr, as shown in Fig. 5.3e. After treatment, 
a remarkably decrease in the diameter of CP at high frequency was observed for HT-
Mg5Zr5Sr alloys, which indicates the deteriorated biocorrosion resistance compared 
to that of as-cast Mg5Zr5Sr. 
In order to further analyse the biocorrosion behaviour of the Mg5ZrxSr alloys, the EIS 
spectra were further clarified based on the equivalent circuits which is shown in Fig. 
5.4. The data were fitted using ZsimpWin and the results are listed in Table 5.1. Fig. 
5.4 shows the equivalent circuit for the Mg alloys. In which, Rs represents the solution 
resistance; CPE1and CPE2 are the constant phase elements in parallel with the 
resistive elements, and each CPE has a capacitance (designated, for example, C1.T and 
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C2.T) and an associated phase angle (designated, for example, n1 and n2). The CPE is 
generally used in place of a capacitor to compensate for the non-homogeneity of the 
electrochemical system; Rfp is the resistance of a partially protective film above a 
localized corrosion event or micro-galvanic event; Rtp is the charge transfer resistance 
associated with the localized pitting and micro-galvanic events; L is the inductive 
element in paralle to the elements. Due to the occurrence of pitting in each Mg alloys, 
there should be an additional element relating to the localized corrosion or galvanic 
effects.  
Generally, the inductive loop at low frequency is caused by the partially protective 
surface layer during the degradation, and it is related to the ionic Mg around the 
exposed surface of Mg alloys [235]. The inductive loops at low frequency indicate the 
occurrence of pitting in all Mg5ZrxSr alloys. The diameter of high frequency 
capacitive loop typically represents the resistance of the surface film and its influence 
on the biocorrosion behaviors of Mg5ZrxSr alloys (Rfp) [236]. It can be seen from 
Table 5.1 that HT-Mg5Zr2Sr exhibited higher Rfp and Rtp values compared with other 
alloys. Morover, the increased values of  Rfp and Rtp from 2 hour to 6 hour represents 
the enhanced biocorrosion resistance with the prolonged immersion in SBF. While, 
the reduced value of Rtp and the significantly decreased diameter of CP loops at high 
frequency for HT-Mg5Zr5Sr indicate the accelerated biocorrosion rate.  
After the EIS measurement, the cathodic polarization (CDP) was performed on each 
Mg5ZrxSr alloy sample at 37 Ԩ (Fig. 5.5). As can be seen from Fig. 5.5a, as-cast 
Mg5Zr5Sr presented the lowest current density compared to that of as-cast Mg5Zr and 
as-cast Mg5Zr2Sr. While as-cast Mg5Zr showed the highest current density among the 
as-cast Mg alloys, which represents the highest degradation rate. Compared to the as-
cast Mg5Zr, as-cast Mg5Zr5Sr and Mg5Zr2Sr had relatively higher open circuit 
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potential, which implied that the Mg17Sr2 second phase has a different potential with 
the Mg matrix, and the increased volume fraction of the Mg17Sr2 second phase led to 
higher open circuit potential of Mg5ZrxSr alloys. 
There were significant differences between the polarization curves for the HT-
Mg5ZrxSr alloys. The current density of HT-Mg5Zr increased remarkably compared 
to that of as-cast Mg5Zr, which indicated the relatively lower biocorrosion resistance. 
HT-Mg5Zr5Sr exhibited a slight increment in the current density. Whilst, HT-
Mg5Zr2Sr alloys showed a dramatic alleviation in current density. It is notably that 
the open circuit potential of HT-Mg5Zr2Sr and HT-Mg5Zr5Sr alloys decreased 
compared with their as-cast state alloys, which suggests that the volume fraction of 
Mg17Sr2 can affect the open circuit potential, and this finding is in good agreement 
with the results of chapter 4. 
The fitting results of polarization curves for as-cast Mg5ZrxSr and HT-Mg5ZrxSr 
alloys are listed in Table 5.2. The changes in the current density and open circuit 
potential of Mg5ZrxSr alloys indicated that heat treatment significantly affect the 
biocorrosion resistance of Mg alloys. The effects of heat treatment on the biocorrosion 
resistance can be depicted from the microstructure of Mg-Zr-Sr alloys (Fig. 5.2). It 
was found that the cathodic branch of the curves are controlled by hydrogen evolution  
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Table 5.1 Fitting results from EIS data based on the simplified equivalent circuit for each Mg alloy specimen 
Specimen Rs (Ω cm2) 
Rfp 
(Ω cm2) 
C3.T 
(10-6 F cm-2) n3 
C 4.T 
(10-6 F cm-2) n4 
Rtp 
(Ω cm2) 
L 
(H cm-2) 
As-cast Mg5Zr 
2h 57.01 186.52 124.6 0.7534 764.4 0.4951 36.26 33.89 
4h 35.18 201.41 119.3 0.7827 182.4 0.6958 59.25 26.33 
6h 39.54 232.22 136.9 0.7373 382.7 0.7229 79.24 21.62 
HT-Mg5Zr 
2h 29.52 37.37 297.1 0.8159 637.9 0.5135 24.23 19.62 
4h 31.74 39.71 202.3 0.7958 728.9 0.4198 28.11 22.90 
6h 32.46 46.85 216.2 0.7935 884.2 0.4168 28.27 25.81 
As-cast Mg5Zr2Sr 
2h 28.69 50.92 247.9 0.7987 595.4 0.3941 33.62 128.63 
4h 30.75 47.68 224.8 0.8622 244.5 0.4851 38.37 148.67 
6h 37.52 52.68 257.5 0.4654 170.8 0.8844 45.65 159.26 
HT-Mg5Zr2Sr 
2h 41.26 630.82 609.9 0.6787 240.5 0.9998 269.13 24.13 
4h 49.98 676.12 329.5 0.7678 147.2 0.8811 360.24 52.77 
6h 41.62 718.14 453.3 0.6661 182.6 0.9515 481.56 53.19 
As-cast Mg5Zr5Sr 
2h 32.53 184.37 155.4 0.7003 831.2 0.9962 55.31 69.94 
4h 39.17 203.55 203.9 0.6406 992.4 0.9972 74.89 66.26 
6h 37.81 229.83 156.4 0.6720 735.6 0.9951 77.35 61.84 
HT-Mg5Zr5Sr 
2h 37.66 153.44 102.4 0.8271 374.2 0.3052 30.12 117.92 
4h 38.93 158.74 142.3 0.5742 393.5 0.4524 33.05 188.30 
6h 38.78 173.54 104.3 0.8491 427.3 0.3803 37.14 158.50 
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Table 5.2 Fitting results evaluated by Tafei extrapolation 
Materials Hydrogen gas volume (ml) 
Hydrogen 
evolution rate 
(ml cm-2 per 
day) 
Corrosion rate* 
(mm year-1) Potential (V) 
Icorr 
(μA cm-2) 
Corrosion 
rate** (mm 
year-1) 
As-cast Mg5Zr 5.79 7.38 16.81 -1.8503 379.14 8.66 
HT- Mg5Zr 11.91 15.17 34.58 -1.9503 1022.77 23.37 
As-cast Mg5Zr2Sr 8.23 10.48 23.89 -1.8375 585.33 13.37 
HT- Mg5Zr2Sr 1.62 2.06 4.70 -1.8997 28.50 0.65 
As-cast Mg5Zr5Sr 3.32 4.23 9.64 -1.8325 178.45 4.08 
HT- Mg5Zr5Sr 5.31 6.76 15.42 -1.8625 289.89 6.62 
* calculated on polarization curves; ** calculated on the hydrogen evolution 
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Figure 5.5 Cathodic polarization measured after EIS testing at the open circuit 
potential in SBF at 37 ± 0.5 Ԩ for as-cast and heat treated Mg alloys 
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Figure 5.6 The degradation rate of as-cast Mg-Zr-Sr and HT-Mg-Zr-Sr alloys 
calculated from hydrogen evolution 
reaction, and the volume fraction of the Mg17Sr2 second phase served as the cathodes 
in the galvanic system between the Mg matrix and the Mg17Sr2 second phase, and 
hence affect the biocorrosion behaviour of Mg alloys [236]. In this study, heat 
treatment on as-cast Mg5Zr2Sr and as-cast Mg5Zr5Sr led to the decrease of the 
volume fraction of the Mg17Sr2 phase. The alleviation of the volume fraction of the 
Mg17Sr2 phase consequently affect the microstructure of Mg5ZrxSr alloys, the 
galvanic effects between the Mg matrix and the Mg17Sr2 phase and even the surface 
layer on the Mg5ZrxSr alloys [243], which inevitably affect the biocorrosion resistance 
of Mg5ZrxSr alloys. 
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To investigate the average biocorrosion rate of the Mg5ZrxSr alloys, the hydrogen 
evolution (HE) of Mg5ZrxSr alloys in SBF versus immersion time was measured and 
it is summarized in Fig. 5.6, and the corrosion rate related to hydrogen evolution 
calculated according to Equation (3.1) is listed in Table 5.2. It can be seen that 
Mg5ZrxSr alloys suffered different attacks from SBF in the increasing order of HT-
Mg5Zr2Sr < as-cast Mg5Zr5Sr < HT-Mg5Zr5Sr < as-cast Mg5Zr < as-cast Mg5Zr2Sr 
< HT-Mg5Zr, which suggests that HT-Mg5Zr2Sr and as-cast Mg5Zr5Sr are relatively 
chemical stable in SBF compared with other Mg alloys. Interestingly, the hydrogen 
production rate of HT-Mg5Zr5Sr was relatively lower than that of as-cast Mg5Zr in in 
SBF for the early 6 hour. However, HT-Mg5Zr5Sr exhibited relatively higher 
hydrogen production rate than that of as-cast Mg5Zr after 6 hour. The hydrogen 
evolution curves reveal that HT-Mg5Zr2Sr exhibited the lowest production rate of all 
Mg5ZrxSr alloys, which ascribes to the changes in the microstructure and the volume 
fraction of the Mg17Sr2 phase owing to heat treatment. The biocorrosion rate calculated 
from hydrogen evolution is consistent with that of polarization curves in the order of 
corrosion rate for Mg5ZrxSr alloys, however, the biocorrosion rates derived from 
hydrogen evolution for the Mg5ZrxSr alloys are relatively higher than that of 
polarization curves. The hydrogen evolution indicated the average degradation rate 
immersion in SBF for 24 hour. While, the polarization curves exhibited the 
degradation rate in short term 6 hour. 
5.3 Biocorrosion morphologies of Mg alloys after immersed in SBF 
Fig. 5.7 shows the corrosion morphologies of Mg alloys after immersion in SBF for 2 
hour. It can be seen that the surface of HT-Mg5Zr2Sr was relatively intact with less 
attack compared with other Mg5ZrxSr alloys (Fig. 5.7b). In contrast, as-cast 
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Mg5Zr2Sr was completely covered with thick corrosion product, which indicates the 
rapid biocorrosion rate in SBF (Fig. 5.7a). As for the as-cast Mg5Zr5Sr alloys, the 
grinding scratches of as-cast Mg5Zr5Sr were not visible, and the surface was covered 
with a thin layer of biocorrosion product. The corrosion morphology of as-cast 
Mg5Zr5Sr indicates the lower biocorrosion rate compared with as-cast Mg5Zr2Sr. 
Some cracks could be observed on the surface of as-cast Mg5Zr5Sr, and the white 
particles in some regions indicate the initial corrosion (Fig. 5.7c). HT-Mg5Zr5Sr 
exhibited relatively severe attack compared with as-cast Mg5Zr5Sr, and the HT-
Mg5Zr5Sr alloy was covered with loosened structrural corrosion product (Fig. 5.7d), 
which could isolate the attack of SBF, and thus partially protect the Mg alloys. 
 
Figure 5.7 Corrosion morphology of Mg alloys immersed in SBF for 2 hour: (a) as-
cast Mg5Zr2Sr; (b) HT-Mg5Zr2Sr; (c) as-cast Mg5Zr5Sr; (d) HT-Mg5Zr5Sr 
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Figure 5.8 Corrosion morphology of Mg alloys immersed in SBF for 4 hour: (a) as-
cast Mg5Zr2Sr; (b) HT-Mg5Zr2Sr; (c) as-cast Mg5Zr5Sr; (d) HT-Mg5Zr5Sr 
The morphologies of the degraded Mg5ZrxSr alloys after immersion in SBF for 4 hour 
are shown in Fig. 5.8. As can be seen that the thickness of corrosion product layer 
increased significantly compared to that of immersion in SBF for 2 hour, as shown in 
Fig. 5.7a and Fig. 5.8a. However, as-cast Mg5Zr2Sr lost its surface integrity (Fig. 5.8a), 
which indicates the severe corrosion with the prolonged immersion. In the case of HT-
Mg5Zr2Sr, the white particles and micro-pores (Fig. 5.8b) indicated the occurrence of 
initial corrosion. However, it still exhibited relatively perfect surface. As for the as-
cast Mg5Zr5Sr, a network structure was observed on the surface after immersion in 
SBF for 4 hour (Fig. 5.8c). This network structure was composed of corrosion product, 
suggesting that more regions were attacked after immersion in SBF for 4 hour. From 
the comparsion of Fig. 5.2c and Fig. 5.8c, it can be found that the network structural 
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corrosion product mainly distributed along the grain boundaries, which might be 
caused by the galvanic effects between th Mg matrix and the Mg17Sr2 phase along the 
grain boundaries.  
Fig. 5.8d displays that the HT-Mg5Zr5Sr suffered attack mainly related to the vicinity 
of the Mg17Sr2 second phases. The corrosion morpholgy presents a honeycomb 
structure due to the degradation of the Mg matrix that adjacent to the Mg17Sr2 phases. 
With the prolonged immersion in SBF, more and more Mg matrix adjacent to the 
Mg17Sr2 phase degraded, which led to the formation of corrosion grooves. The 
increased corrosion grooves can consequently attrack more chloride of SBF leading to 
the further deterioraion of corrosion resistance of HT-Mg5Zr5Sr alloys. 
 
Figure 5.9 Corrosion morphology of Mg alloys immersed in SBF for 6 hour: (a) as-
cast Mg5Zr2Sr; (b) HT-Mg5Zr2Sr; (c) as-cast Mg5Zr5Sr; (d) HT-Mg5Zr5Sr 
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After immersion in SBF for 6 hour, large corrosion caves formed on the surface of as-
cast Mg5Zr2Sr, which indicated the further aggravation in the degradation. Some 
regions of as-cast Mg5Zr2Sr were disintegrated into fragments (Fig. 5.9a). In 
comparison to as-cast Mg5Zr2Sr, HT-Mg5Zr2Sr exhibited relatively better corrosion 
resistance, and there were only some white particles scatter on the surface, and most 
of regions of HT-Mg5Zr2Sr still maintained its integrity (Fig. 5.9b). In the case of as-
cast Mg5Zr5Sr, a temporary corrosion product layer formed on the surface. This layer 
had features with degraded grooves and corrosion cracks, and it can act as a protective 
layer that partially isolated the alloy from attack by SBF. Due to the galvanic effects, 
more regions of as-cast Mg5Zr5Sr were covered by white particles, and the white 
particles displayed a heterogeneous distribution, which indicated an inhomogeneous 
degradation (Fig. 5.9c). HT-Mg5Zr5Sr depicted faster degradation rate compared to 
that of as-cast Mg5Zr5Sr. The Mg matrix in the grain centre of HT-Mg5Zr5Sr was 
almost completely dissolved, which led to more corrosion grooves (Fig. 5.9d). The 
corrosion grooves were much wider compared to that of HT-Mg5Zr5Sr after 
immersion in SBF for 4 hour.  
5.4 Effects of second phase on biocorrosion resistance 
According to the investigations of EIS, CDP and HE in this study, it can be found that 
the biocorrosion rate of Mg5ZrxSr alloys is subject to the concentration of Sr in Mg 
alloys. Gu et al. investigated the biocorrosion behaviour of binary MgySr (y= 1, 2, 3, 
4 %) and found that Mg alloys with the addition of 4 % Sr had the relatively higher 
biocorrosion rate [65]. However, the biocorrosion behaviour of Mg alloys with the 
addition of Sr more than 4 % was not investigated in their study. Li et al. studied the 
degradation rate of MgxZrySr (x= 1, 2, 5; y= 2, 5 %) alloys and found that the 
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degradation rate increased significantly from Mg1Zr2Sr to Mg1Zr5Sr. While, an 
alleviation in the degradation rate was observed from the Mg5Zr2Sr to Mg5Zr5Sr [48]. 
This indicates that in different Mg-Sr based systems, the volume fraction of the 
Mg17Sr2 phase and its distribution might has various effects on the biocorrosion 
behaviour of Mg alloys. In other hand, the optimal concentration of Sr in different Mg-
Sr based alloys varies depending on the microstructure such as grain size, the volume 
fraction of the second phase and its distribution. In this study, all Mg alloys have the 
concentration of Sr over 2 %, and the as-cast Mg5Zr5Sr had the relatively lower 
biocorrosion rate compared to that of as-cast Mg5Zr2Sr. The addition of Sr to as-cast 
Mg5Zr led to the formation of Mg17Sr2 phase which mainly distributed on the 
boundaries zones. As indicated in Fig. 5.2c, a network structure almost formed as a 
results of the isolation of the Mg17Sr2 phase as some Mg17Sr2 phases resided on 
boundaries zones. However, the Mg17Sr2 phase shows heterogeneous distribution, 
which led to the imperfect network structure as well as non-uniform degradation of as-
cast Mg5Zr2Sr as exhibited in Fig. 5.7a, Fig. 5.8a and Fig. 5.9a. Gu et al. [65] and 
Bornapour et al. [244] believed that the acceleration in the degradation rate of MgxSr 
alloys was caused by the potential difference which is that Mg17Sr2 phases are more 
inert than that of the Mg matrix. The potential difference led to a galvanic effect 
between the Mg17Sr2 phase and the Mg matrix. In this study, an increase in the 
biocorrosion rate was identified on as-cast Mg5Zr2Sr compared with as-cast Mg5Zr. 
The increased biocorrosion rate of as-cast Mg5Zr2Sr ascribed to the aggressive 
galvanic effects between the Mg matrix and Mg17Sr2 phase. After heat treatment, the 
volume fraction of the Mg17Sr2 phase for HT-Mg5Zr2Sr greatly decreased as shown 
in Fig. 5.2c and Fig. 5.2d, which indicates the weakened galvanic effects. 
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In this study, the concentration of Sr has a strong correlation with the biocorrosion rate 
from the comparison of the biocorrosion rate for as-cast Mg5Zr5Sr and Mg5Zr2Sr. As 
can be seen from Fig. 5.2 that with the increasing Sr content in cast Mg-5Zr-5Sr alloys, 
more Mg17Sr2 phase formed. The increased volume fraction of the Mg17Sr2 phase led 
to a relatively perfect network structure which completely isolated the Mg matrix, 
which acted as a barrier surrounding the Mg alloys, and hence decreased the 
biocorrosion rate of Mg alloys. After heat treatment, some Mg17Sr2 phase dissolved 
during the solidification. The decreased volume fraction of the Mg17Sr2 phase 
weakened the isolation of the network structure. The distribution of the Mg17Sr2 phase 
become discontinuously in some grain boundaries, and thus the second phase boosted 
the degradation of the Mg matrix on account of galvanic effects. Furthermore, the 
enhanced galvanic effects can be found in the corrosion morphologies of HT-
Mg5Zr5Sr, as shown in Fig. 5.8d and Fig. 5.9d. This finding is in good agreement with 
Song et al.’s investigation that the β second phase in AZ alloys had a double effects 
on the corrosion of Mg alloys. The β phase with a low volume fraction generally 
increased the corrosion rate due to the enhanced galvanic effects. Otherwise, the β 
phase with a higher fraction volume, distributed as a network along the grain 
boundaries, it might act as a barrier surrounding the a-Mg matrix, thus decreasing the 
corrosion rate of the Mg alloy. Once the network of the β phase breaks down after a 
deformation process, or is destroyed and distributed discontinuously in the Mg matrix, 
the action as a barrier would be undermined, resulting in accelerated corrosion [13]. 
From the aspect of corrosion mechanism, this study reveals the effect of Sr on the 
biocorrosion behaviour of Mg alloys based on the EIS, CDP, HE and the 
characterization of corrosion morphologies. Though the experiment results found that 
the higher concentration of Sr (≥ 5 %) leads to the isolation of the Mg matrix due to 
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the network structure of the Mg17Sr2 phase, this does not indicate that excessive 
addition of Sr is beneficial to the corrosion resistance. In fact, the results of EIS, CDP 
and HE clearly indicated that HT-Mg5Zr2Sr which had the lowest volume fraction of 
the Mg17Sr2 phase exhibited the highest corrosion resistance. Although the network 
structure of the Mg17Sr2 phase to some exents reduced the corrosion rate, however, it 
still acclerated the overall corrosion rate compared to that of HT-Mg5Zr2Sr with 
relatively lower concentration of Sr. These findings is consistent with Li et al.’s study 
that the optimal concentration of Sr in Mg-Zr-Sr alloys should no more than 2 % [48]. 
This study does not investigate the corrosion behaviour of Mg5ZrxSr alloys with much 
higher additon of Sr (> 5 %). However, it clearly outlines that the corrosion of the Mg 
matrix preferentially initates from the region adject to the Mg17Sr2 phase, and also 
provides the scienctic basis for the design of Sr-contianing Mg alloys. 
5.5 Biodegradation rates of Mg alloys 
In this study, the hydrogen evolution, polarization and EIS have been used to evaluate 
the biodegradation rate of the Mg alloys. The hydrogen evolution and polarization 
curves indicated that HT-Mg5Zr2Sr exhibited the lowest degradation rate. However, 
the biodegradation rate derived from the hydrogen evolution was much higher than 
that of the polarization curves. Unlike the polarization and EIS, hydrogen evolution is 
unaffected by the formation of corrosion products (surface layer), and it shows the 
average degradation rate of Mg alloys against the immersion time. In general, samples 
are immersed in SBF for at least 12 hour or even longer for hydrogen evolution tests. 
During the immersion, hydrogen evolution is significantly influenced by the cathodic 
reaction. Hence, galvanic effects between second phase or impurities and Mg matrix 
greatly affect the hydrogen evolution rate during the immersion time. It should be 
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considered that EIS provides only partial information regarding the corrosion kinetics, 
and it cannot exhibit the influence of the microstructural features such as second phase, 
impurities and grain size on the corrosion potential which links to the second phase 
and Mg matrix. Moreover, EIS also cannot directly imply an accurate corrosion rate. 
For some chemical reactive Mg alloys in SBF, a low frequency drift is especially 
apparent attributing to the relatively rapid degradation rate. This rapid degradation 
makes low frequency measurements difficult because the active reactions occur 
continuously during the EIS tests. Polarization tests for Mg alloys allow a single scan 
and it can take as little as 5 minutes to complete. It should be noted that in actual 
measurement, most Mg alloys degraded uniformly. The priority condition for 
polarization tests is that Mg samples have the general corrosion. Subsequently, 
polarization cannot show an absolute degradation rate or average degradation rate, but 
it is an indication of degradation at a select point in time using the calculated current 
density. In this study, Mg alloys were immersed in SBF for more than 100 hour. The 
results of hydrogen evolution provide the average degradation rate, which was greatly 
affected by the galvanic effects between the second phase and Mg matrix during the 
long immersion tests. Unlike the hydrogen evolution, polarization and EIS simply 
unravel the changes of extruded Mg alloys in short time (around 10 minutes in this 
study). The surfaces of Mg alloys in the short time may do not change significantly 
even after one hour stabilization, which leads to a relatively lower degradation rate as 
compared to that of hydrogen evolution.  
5.6 Degradation process of Mg-Zr-Sr alloys in SBF 
The degradation process of Mg5ZrxSr in SBF is schematically shown in Fig. 5.10. 
Based on the investigations, the degradation process of Mg5ZrxSr alloys mainly 
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includes three stages. The initial stage of degradation of Mg5ZrxSr alloys is named as 
stage 1 (Fig. 5.10a) which mainly involves the effects of galvanic effects between the 
Mg matrix and the Mg17Sr2 phase. Ascribing to the defects on the surface of Mg alloys, 
as shown in Fig. 5.7a, a corrosion layer on the surface of Mg5ZrxSr alloys formed 
immediately once exposed to SBF. However, this layer is not perfect enough, and it 
has many micro-cracks which allows more SBF pass through. The chlorides-
containing SBF would deteriorate the Mg matrix inside, which further deteriorates the 
biocorrosion resistance. The Mg17Sr2 phase is much nobler than the Mg matrix, and 
Mg17Sr2 phase acts as the cathodes in the galvanic system. For Mg alloys with higher 
volume fraction of Mg17Sr2 phase, the network distributed Mg17Sr2 phase generally 
acts as a barrier, and thus temporally decreases the corrosion rate. In the case of Mg 
alloys with relatively lower volume fraction of the Mg17Sr2 phase, the Mg17Sr2 phase 
exhibits a discontinuous distribution along the grain boundaries, which leads to an 
enhancement in the galvanic effects and therefore increases the corrosion rate. 
A surface layer with corrosion product might form on the surface of Mg alloys. 
However, the surface layer generally has a loosened structure and would be degraded 
gradually because of the attack of SBF. Owing to the galvanic effects, the Mg matrix 
adjacent to the Mg17Sr2 phase acts as anodes and degraded consequently. Meantime, 
the central Mg matrix away from the Mg17Sr2 phase is hardly attacked. With prolonged 
immersion in SBF, corrosion gradually extends to the centre from the regions adjacent 
to the Mg17Sr2 phase (Fig. 5.8d). During the degradation progress, defects or impurities 
on the surface might attract more attacks, thus leading to non-uniform degradation. 
After that, more regions with Mg matrix on the surface are degraded consequently. 
The typical feature of this stage 2 is the preferential corrosion (Fig. 5.10b).  
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Figure 5.10 Sketch model for the corrosion process of Mg5ZrxSr alloys 
With prolonged immersion in SBF, massive corrosion would occur in the stage 3. 
Severe non-uniform corrosion might occur on Mg alloys with heterogeneous 
distribution of the Mg17Sr2 phase, which might cause more and larger caves in (Fig. 
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5.9a). In the case of Mg5ZrxSr alloys with higher volume fraction of the Mg17Sr2 phase, 
corrosion grooves become wider on account of the corrosion extension. Hence, more 
Cl- resides on the wider corrosion grooves, leading to further attack of the Mg matrix, 
even causing the complete dissolution of the Mg matrix. Accordingly, the Mg17Sr2 
phase might escape from the surface of Mg alloys (Fig. 5.9d) layer by layer. As for the 
Mg alloys with non-uniform degradation, pitting might be formed (Fig. 5.9a). The 
pitting corrosion continues to grow in depth and extend to more regions, and finally, 
the Mg alloys would be degraded completely in SBF, leading to the massive corrosion 
(Fig. 5.10c). 
5.7 Summary 
In this study, the biocorrosion behaviours of Mg5ZrxSr alloys with high Sr content 
were comprehensively investigated using electrochemical techniques (EIS and CDP) 
and HE in SBF. The main findings are summarized as follows: 
(1) The microstructure of the Mg5ZrxSr alloy was characterized with the Mg matrix, 
Mg17Sr2 phase and Zr particles. The Mg17Sr2 second phase mainly distributed on the 
boundaries zones. 
(2) Effects of heat treatment on the corrosion of Mg alloys depended on the influences 
on the microstructure including grain size, the volume fraction and distribution of the 
Mg17Sr2 second phase. In particular, T4 heat treatment on as-cast Mg5ZrxSr alloys can 
significantly reduce the volume fraction of the Mg17Sr2 phase. 
(3) The Mg17Sr2 phase had a double effects on the corrosion of Mg5ZrxSr alloys. A 
relatively high volume fraction of the Mg17Sr2 which exhibited a netlike distribution 
along the grain boundaries acted as a barrier, thus it decreased the degradation rate. 
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While, a low volume fraction of the Mg17Sr2 which presented a discontinuous 
distribution can boost the corrosion of Mg5ZrxSr. 
(4) During the immersion in SBF, the Mg matrix adjacent to the Mg17Sr2 phase 
degraded preferentially owing to the galvanic effects between the Mg matrix and the 
Mg17Sr2 phase. The corrosion process grew gradually from the regions adjacent to 
boundaries to the central Mg matrix. In the galvanic system, the Mg matrix acted as 
the anodes. While, the Mg17Sr2 phase acted as the cathodes. 
(5) The degradation progress of Mg5ZrxSr mainly comprises three stages. The stage 
1 (galvanic corrosion) was mainly controlled by the galvanic effects. In the stage 2 
(preferential corrosion), corrosion preferentially initialised from the regions adjacent 
to the Mg17Sr2 phase and then extended to the central Mg matrix. Massive corrosion 
occurred with prolonged immersion in SBF involving the pitting corrosion and 
completely dissolution of the Mg matrix. 
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Chapter 6 
Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho Alloys for 
Biodegradable Implant Materials 
6.1 Potential benefits of Dy and Ho additions to Mg alloys 
Destined biomaterials used in different sits of the human body require some essential 
features that biomaterials should provide qualified mechanical integrity and exhibits 
suitable degradation rate before sufficient healing [245]; the materials have accepted 
biocompatibility, minimal deleterious effects and these should be short term as much 
as possible [1]; the components of the biomaterials should not only biocompatible, 
they could even promote the growth and healing of tissue [246]. Up to date, titanium 
alloys, stainless steels, cobalt-chromium based alloys and magnesium (Mg) alloys 
have been developed for hard tissue engineering. Compared to other metallic 
biomaterials, Mg and its alloys are receiving increasing attention as promising 
biodegradable materials for orthopaedic application because of their remarkable 
advantages [243]. 
Despite significant progresses have been achieved in the development of 
biodegradable Mg alloys, some issues such as rapid degradation rate, mechanical 
integrity, biocompatibility of the components still restrict their application. Hence, it 
is essential to develop Mg alloys with enhanced corrosion resistance and bio-friendly 
alloying elements. Recent studies have found that REEs exhibited many desirable 
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advantages in Mg alloys, such as improved corrosion resistance and electrochemical 
behaviour, and enhanced mechanical properties [123, 207-209]. Feyerabend et al. [210] 
systematically studied the short-term effects on various cells of some REEs, including 
Y, Nd, Dy, Pr, Gd, La, Ce and Eu, and found that La and Ce showed the worst 
biocompatibility with the highest cytotoxicity on cells, while the highly soluble Dy 
and Gd seem to be more suitable than other elements. Nakamura et al. [212] suggested 
that the biocompatibility of REEs in many cases depends upon their ionic radii, and 
found that heavy REEs such as Dy and Ho show relatively low toxicity. Li et al 
comprehensively studied the mechanical properties, corrosion behaviour and 
microstructure of the binary MgxDy (x= 5, 10, 15 and 20 wt %) with various 
compositions [160-162], and found that the addition of Dy to Mg alloys significantly 
improved the corrosion resistance of Mg alloys owing to the formation of high 
corrosion-resistant Dy-containing layer on the surface. However, the addition of 
excessive Dy deteriorates the corrosion resistance of Mg alloys as a results of galvanic 
effects by the formed Dy-containing second phase. The optimal Dy concentration in 
Mg alloy should not be over 10.0 %. Besides Dy also can enhance the mechanical 
properties of Mg alloys due to the formation of long period stacking ordered phase 
[247]. Xu et al. investigated the effects of Ho on microstructure and mechanical 
properties of ZA52 Mg alloys and found that the addition of Ho (> 0.5 %) to Mg alloys 
led to an improvement in tensile properties due to the reduced petal-like phase [165]. 
Li et al. found that the Ho had an remarkable effect of grain refinement on the Mg 
alloys, and the grain size decreased significantly with increasing addition of Ho, which 
significantly improved the mechanical properties of Mg alloys [116]. A previous work 
on the biocompatibilities of Dy and Ho found that there was no histopathologic 
damage after feeding the Dy and Ho chlorides to rats at the dosages of 0.01, 0.1 and 
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1.0 % over a period of 12 weeks, which indicates their biocompatibilities of Dy and 
Ho [226]. As such, Dy and Ho are promising candidatures as the alloying elements to 
improve the properties such as corrosion behaviour and mechanical properties of Mg 
alloys.  
It had also been reported that the alloying addition of Zr could significantly refine the 
grain size, which benefits in increasing the mechanical property and corrosion 
behaviour of Mg alloys [49, 95]. The alloying element Sr pronouncedly enhances the 
replication of preosteoblastic cells, and even simulates bone formation [65, 66]. In 
addition, Mg alloys with the addition of Sr had excellent biocompatibility. Li et al. [48] 
revealed that Mg alloys with 1 % Zr and 2 % Sr additions have enhanced corrosion 
resistance compared to cast Mg and other Mg-Zr-Sr alloys, as well as excellent 
biocompatibility in the form of supporting cell adhesion and spreading. 
Considering the benefits of Zr, Sr, Dy and Ho in the biocompatibility and effects on 
the corrosion and mechanical property, new series of Mg alloys, Mg1Zr2Sr(1-2.08)Dy 
and Mg1Zr2Sr(1-5)Ho have been developed. On account of the usage of the Mg alloys 
as the implant materials in this study, they must exhibit the features including suitable 
degradation rate, appropriate mechanical property and acceptable biocompatibility. In 
this study, the mechanical properties were measured using compression test; the 
corrosion behaviour were investigated by the potentiodynamic polarization and 
hydrogen evolution methods. The biocompatibility was evaluated using SaSO2 cell 
culture and MTS assay. 
6.2 Preparation of Mg-Zr-Sr-Dy/Ho alloys 
The Mg-1Zr-2Sr-(1-2.08)Dy and Mg-1Zr-2Sr-(1-5)Ho alloys were fabricated by 
melting of pure Mg, Mg-30Zr, Mg-30Sr, Mg-10Dy and Mg-10Ho alloys (Hunan Rare 
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Earth Metal & Material Institute, China) with the designated compositions. The 
chemical compositions of the Mg alloys were determined by wavelength dispersion 
X-ray fluorescence (WDXRF, S4 Pioneer, Bruker, Germany) and was listed in Table 
6.1. Samples with a diameter of 10 mm and thickness of 3 mm were further machined 
using electrical discharge machining (EDM) along the long axis of the Mg alloy ingots 
for microstructure characterization, corrosion measurement and biocompatibility 
assessment. Cylindrical samples with a diameter of 5mm and length of 10 mm were 
processed in the same way from the Mg ingots for the compression test. 
Table 6.1 Chemical composition of Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho alloys 
Alloys Zr Sr Dy Ho Mg 
Mg1Zr2Sr1Dy 0.92 2.03 1.00 N/A Balance 
Mg1Zr2Sr1.63Dy 0.92 2.01 1.63 N/A Balance 
Mg1Zr2Sr2.08Dy 0.91 1.99 2.08 N/A Balance 
Mg1Zr2Sr1Ho 0.90 1.99 N/A 0.98 Balance 
Mg1Zr2Sr3Ho 0.89 2.02 N/A 2.99 Balance 
Mg1Zr2Sr5Ho 0.92 2.01 N/A 4.99 Balance 
 
6.3 Microstructure 
The microstructure of the as-cast Mg1Zr2SrxDy and Mg1Zr2SryHo alloys are shown 
in Figs. 6.1 and 6.2, respectively. It can be seen that as-cast Mg1Zr2Sr had some 
unalloyed Zr particles (black dots). In contrast, most of the unalloyed Zr particles were 
dissolved into the Mg matrix for Mg1Zr2SrxDy, Mg1Zr2Sr3Ho and Mg1Zr2Sr5Ho 
alloys, and the grain size of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys increased 
significantly. In the case of Mg1Zr2SrxDy alloys, the grain size increased with 
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increasing Dy content (as shown in Figs. 6.1b, 6.1c and 6.1d). While there was an 
obviously decrease in the grain size of Mg1Zr2SryHo alloys. It is notable that the grain 
boundaries of both alloys become narrow with increasing Dy and Ho additions, which 
indicates the decreased volume fraction of second phase.  
The chemical composition of the Mg1Zr2SrxDy and Mg1Zr2SryHo alloys was 
characterized using XRD and are shown in Fig. 6.3 and 6.4, respectively. Fig. 6.3 
revealed that the Mg1Zr2SrxDy alloys was composed of the Mg matrix, unalloyed Zr 
particles, Mg17Sr2 and Mg2Dy intermetallic phases, which suggested that Sr addition 
led to the formation of Mg17Sr2 phase, and Dy addition resulted in the formation of 
Mg2Dy phase, which is consistent with Li et al.’s [48] and Yang et al.’s report [162]. 
Compared to Mg1Zr2SrxDy alloys, there was no peaks of the Mg17Sr2 phase identified, 
and the MgHo3 formed as the addition of Ho for Mg1Zr2SryHo alloys. In addition, the 
intensities of Mg2Dy and MgHo3 phases increased dramatically with the increasing Dy 
and Ho additions. 
The distribution of alloying elements for both alloys was investigated using EDX 
mapping and are shown in Fig. 6.5 and 6.6, respectively. It can be seen that the alloying 
elements Sr, Dy and Ho mainly distributed along grain boundaries. In particular, the 
addition of Sr led to the formation of Mg17Sr2 phases. While, the distributions of Dy 
and Ho extended to the Mg matrix with their increasing content in Mg alloys, which 
indicates that Mg2Dy and MgHo3 phases not only distribute along the grain boundaries, 
the increased volume fractions of Mg-Dy and Mg-Ho phases lead to further spread to 
the Mg matrix. 
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Figure 6.1 Microstructure of Mg1Zr2SrxDy alloys: (a) Mg1Zr2Sr; (b) Mg1Zr2Sr1Dy; 
(c) Mg1Zr2Sr1.63Dy; (d) Mg1Zr2Sr2.08Dy 
  
Figure 6.2 Microstructure of Mg1Zr2SryHo alloys: (a) Mg1Zr2Sr; (b) Mg1Zr2Sr1Ho; 
(c) Mg1Zr2Sr3Ho; (d) Mg1Zr2Sr5Ho  
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Figure 6.3 XRD patterns of Mg1Zr2SrxDy alloys 
 
Figure 6.4 XRD patterns of Mg1Zr2SryHo alloys 
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6.4 Corrosion behaviour of Mg alloys 
The degradation rate of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys were fitted from 
Tafei curves using the Ec-lab software. It can be seen from Fig. 6.7 that Mg1Zr2SrxDy 
and Mg1Zr2SryHo alloys exhibited much lower degradation rate compared to as-cast 
Mg1Zr2Sr and cast Mg references. In particular, the corrosion resistance of 
Mg1Zr2SrxDy increased remarkably with the addition of Dy. In contrast, there was no 
significant difference in the degradation rate of Mg1Zr2SrxHo alloys, and 
Mg1Zr2Sr3Ho alloy possessed a relatively lower degradation rate compared to other 
alloys. The investigation on the corrosion behaviour of Mg alloys using polarization 
tests indicates that the addition of Dy and Ho are in beneficial to the improvement in 
the corrosion resistance of Mg alloys. 
To investigate the long term corrosion behaviour of both Mg alloys, the hydrogen 
evolution of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys in SBF against immersion time 
was measured, and the degradation rates based on the Equation 3.1 are listed in Fig. 
6.8. It can be seen that Mg1Zr2Sr2.08Dy exhibited the lowest degradation rate after 
immersion in SBF for 24 hour; whilst Mg1Zr2Sr3Ho displayed the relatively improved 
corrosion resistance compared with Mg1Zr2Sr1Ho and Mg1Zr2Sr5Ho alloys. The 
results of hydrogen evolution are consistent with that of polarization tests. 
The corrosion morphologies of Mg alloys were characterized using optical microscopy 
after immersion in SBF for 24 hour. It can be seen from Fig. 6.9 that there was a clear 
trace of degradation indicated by the bright regions for Mg1Zr2SrxDy and 
Mg1Zr2SryHo alloys which was associated with the generation of hydrogen gas. In 
the case of Mg1Zr2Sr1Dy and Mg1Zr2Sr1.63Dy alloys, there were some large bright  
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Figure 6.5 EDX mapping of alloying elements for: (a) Mg1Zr2Sr1Dy; (b) Mg1Zr2Sr1.63Dy; (c) Mg1Zr2Sr2.08Dy 
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Figure 6.6 EDX mapping of alloying elements for: (a) Mg1Zr2Sr1Ho; (b) Mg1Zr2Sr3Ho; (c) Mg1Zr2Sr5Ho 
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Figure 6.7 Degradation rates of (a) Mg1Zr2SrxDy and (b) Mg1Zr2SryHo alloys 
calculated from polarization after immersion in SBF for 1 hour stabilization  
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Figure 6.8 Degradation of Mg alloys: (a) Mg1Zr2SrxDy and (b) Mg1Zr2SryHo alloys 
calculated from hydrogen evolution after immersion in SBF for 24 hour 
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Figure 6.9 Corrosion morphologies of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys after 
immersion in SBF for 24 hour  
sites, indicating the relatively higher production rate of hydrogen gas. In contrast, Mg-
1Zr-2Sr-2Dy had a relatively perfect surface, revealing its lower degradation rate 
compared to other Mg1Zr2SrxDy alloys. Compared to Mg1Zr2SrxDy alloys, there 
was no conspicuous difference in the degradation rate of Mg-1Zr-2Sr-yHo alloys as 
indicated in Fig. 6.9. Mg1Zr2Sr1Ho exhibited the relatively lower corrosion resistance 
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in comparison to other Mg1Zr2SryHo alloys, indicated by large bright degraded sites. 
The corrosion morphologies clearly reveal that Mg alloys with different Dy and Ho 
additions suffered various attacks in the order of Mg1Zr2Sr2.08Dy < 
Mg1Zr2Sr1.63Dy < Mg1Zr2Sr1Dy, and Mg1Zr2Sr3Ho < Mg1Zr2Sr5Ho < 
Mg1Zr2Sr1Ho, respectively. 
6.5 Mechanical properties of Mg alloys 
The mechanical properties of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys were evaluated 
using compression testing. Fig. 6.10 shows the yield strength, ultimate strain and 
ultimate compression strength of both Mg alloys. The ultimate strain is the strain at 
the maximum stress in the testing, and the ultimate compression strength is the 
maximum compression strength applied on the specimens. While the yield strength is 
the stress at the yield point during the compression testing. It can be seen that the yield 
strength of Mg1Zr2SrxDy alloys slightly increased in comparison with cast Mg 
references, and Mg1Zr2Sr1.63Dy exhibited a relatively higher yield strength. A 
remarkable difference can be found in the yield strength for Mg1Zr2SryHo alloys, and 
Mg1Zr2Sr1Ho alloy had a lower yield strength than that of cast Mg. While, the yield 
strength of Mg1Zr2SryHo alloys increased with the addition of Ho. It is notable that 
the ultimate strain of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys decreased with the 
increasing additions of REEs. Mg1Zr2SrxDy also showed a decreased ultimate 
compression strength with the increasing addition of Dy, whereas an increase in the 
ultimate strength with the increasing Ho additions can be found for Mg-1Zr-2Sr-yHo 
alloys. The compression test indicates that mechanical properties of Mg alloys in this 
study has a strong correlation with the content of Dy and Ho.  
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Figure 6.10 Mechanical properties of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys; (a) 
compression yield strength; (b) ultimate strain and ultimate compression strength 
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Figure 6.11 In vitro cytotoxicity of Mg alloys after culture for 5 days in respective 
extract. 
6.6 In vitro cytotoxicity of Mg alloys 
In vitro cytotoxicity assessment of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys was 
evaluated using MTS assay. The optical densities for each alloy are listed in Fig. 6.11, 
and the control group was regarded as biocompatible. The higher optical density of 
Mg alloys than that of control group represents the better biocompatibility. It can be 
seen that after culture for 1 day, Mg1Zr2SrxDy and Mg1Zr2SryHo alloys had the 
similar level of cytotoxicity compared with cast Mg. There was a remarkable 
difference after culture for 3 days in extracts. It is notable that Mg improved the growth 
of SaOS2 cells indicated by the higher value of optical density. Mg-1Zr-2Sr-2Dy and 
Mg-1Zr-2Sr-3Ho alloys exhibited the relatively lower cytotoxicity. While, Mg-1Zr-
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2Sr-5Ho exhibited slight increase in the cytotoxicity. After culture for 5 days in 
extracts, Mg1Zr2SrxDy showed lower cytotoxicity in comparison to control group, 
suggesting the excellent biocompatibility of Dy-containing Mg alloys. In the case of 
Mg1Zr2SryHo alloys, Mg1Zr2Sr3Ho displayed relatively lower cytotoxicity after cell 
culture for 5 days. Whereas, a dramatic decrease in the value of optical density of Mg-
1Zr2Sr1Ho alloys indicated the inferior biocompatibility to other Mg1Zr2SryHo 
alloys. Based on in vitro cytotoxicity assessment for Mg1Zr2SrxDy and 
Mg1Zr2SryHo alloys, it can be found that the biocompatibility of Mg alloys was 
influenced by the degradation rate: lower degradation rate leads to better 
biocompatibility, which is consistent with the Li et al.’s report [48]. 
6.7 Effects of Dy and Ho on the mechanical properties of Mg alloys 
As a biodegradable implant material, Mg alloy implant materials should have 
sufficient mechanical property before tissue healing. In order to choose appropriate 
biodegradable Mg alloys for tissue engineering, it is essential to understand the effect 
of Dy and Ho additions on the mechanical properties of Mg-1Zr-2Sr-xDy and Mg-
1Zr-2Sr-yHo alloys. 
Yang et al. studied the microstructure and mechanical properties of MgxDy (x= 5, 10, 
15 and 20 wt %) and found that the addition of Dy to Mg led to the interdendritic 
region and grain boundaries, and more segregation and grain boundaries formed with 
the increasing Dy addition [160]. Further investigate [161] found that the mechanical 
properties of Mg-Dy alloys were determined by the solid solution strength. An 
increased Dy-containing phase on the grain boundaries resulted in enhanced solid 
solution strength. Otherwise, the strength of Mg-Dy alloys alleviated dramatically 
[161]. In this study, the EDX mapping of Mg1Zr2SrxDy shows that Dy mainly 
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distributed on the grain boundaries, and its volume fraction varied on the addition of 
Dy, as shown in Fig. 6.5. Compared with Mg1Zr2Sr1.63Dy, the volume fraction of 
Mg2Dy phase of Mg1Zr2Sr2.08Dy decreased because of the diffusion of Dy into the 
Mg matrix. As a result, the strength of Mg1Zr2Sr2.08Dy reduced as the weakened 
solid solution strength. Although Li et al. found that the ultimate strain of Mg-Zr-Sr 
achieved with the reduced volume fraction of Mg17Sr2 phase on the boundaries [48], 
and this is not always attained in the quaternary Mg alloys. In this study, the volume 
fraction of Mg17Sr2 of Mg1Zr2SrxDy on the boundaries reduced with the increasing 
Dy addition ascribing to the formation of Mg-Dy phase on the grain boundaries (Fig. 
6.10), and thus led to segregation (Fig. 6.1d) and the decreased ultimate strain 
consequently. 
Zhang et al. reported that the addition of Ho to Mg resulted in an enhancement in the 
ductility, but led to an undermined tensile yield strength due to the formation of Ho-
containing second phase on the grain boundaries [164]. Le et al. studied the effects of 
Ho on the microstructure and mechanical properties of Mg-Zn-Zr alloys, and the 
results indicated that the addition of Ho had a pronounced effect on the microstructure 
and mechanical properties depending on the distribution of intermetallic phases [116]. 
Specifically, the addition of Ho to Mg-Zn-Zr alloys led to the formation of Mg-Zn-Ho 
phases which suppressed the grain growth and thus increased the tensile strength. As 
indicated by Fig. 6.2, the grain size of Mg1Zr2SryHo alloys decreases with the 
increasing of Ho content, and more Ho distributed along the grain boundaries (Fig. 6.2 
and Fig. 6.6), indicating that the Mg-Ho phases mainly distributed along the grain 
boundaries, and thus affect the mechanical properties. The increment of ultimate 
compression strength with the addition of Ho is mainly attributed to the solid solution 
strengthening of Ho. The atomic radius of Mg is about 160 pm and Ho 247 pm. The 
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large difference in the atomic radius would lead to the substantial lattice distortion, 
and enhance the solid solution strengthening of Ho. It can be seen from Fig. 6.2, the 
increasing addition of Ho to Mg alloys led to the increment of Ho in Mg matrix (Fig. 
6.6), segregation and Mg-Ho phases (Fig. 6.2 and Fig. 6.6), which are destructive to 
the ductility, and thus the ultimate strain decreased significantly from 1 %  to 5 %. In 
this study, the grain size of Mg1Zr2SryHo alloys decreased dramatically with the 
addition of Ho, whereas, the yield strength increased in the meantime. As for the yield 
strength, it generally obeys the Hall-Petch relation, and the smaller grain size is in 
beneficial to the increment of yield strength. Furthermore, Mg-Ho phases is brittle 
[106], and more Mg-Ho phases on the grain boundaries also would improve the yield 
strength but decreased the ultimate strain of Mg1Zr2SryHo alloys.  
6.8 Effects of Dy and Ho on the corrosion behaviour of Mg alloys 
Corrosion resistance is of great importance for the Mg alloys, and the corrosion 
behaviour is of critical factors in bio-medical applications as the rapid degradation rate 
of Mg alloys in physiological environment. Investigations on the corrosion mechanism 
of Mg alloys revealed that the degradation rate of Mg alloys mainly depends on the 
surface layer, second phase and its galvanic effects [243]. It was reported that Mg has 
the lowest standard potential of -2.38 Vnhe in all engineering metals [76]. While the 
standard potential of Dy is -2.35 Vnhe [162]. The small difference in the standard 
potential determines that the galvanic effects between the Mg matrix and Mg-Dy 
second phase is so weak that Mg-Dy phase cannot exert strong effects on the 
degradation of Mg alloys. In this case, the degradation of Mg alloys is influenced by 
other factors such as surface layer and microstructure. In this study, microstructure 
characterization showed that the grain size of Mg1Zr2SrxDy increased dramatically, 
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while the volume fraction of Sr-containing phase along the grain boundaries decreases 
dramatically (Fig. 6.5) with the increasing Dy addition, which indicates that the effects 
of Sr on the grain size and the volume fraction of Mg17Sr2 phase alleviated. The 
decreased volume fraction of Mg17Sr2 phase correspondingly weakened the galvanic 
effects between the Mg matrix and the Mg17Sr2 phase. This decreased galvanic effects 
consequently improved the corrosion resistance with the increasing Dy addition. And 
thus, Mg1Zr2Sr2.08Dy exhibited the lowest degradation rate compared with 
Mg1Zr2Sr1Dy and Mg1Zr2Sr1.63Dy alloys. 
Birbilis et al. believed that the addition of REEs led to the formation of Mg-REEs 
intermetallic phases, and the intermetallic phases are chemical inert compared to Mg, 
which deteriorates the corrosion resistance with the increasing of REEs content in Mg 
alloys [87]. According to the literature, the effects of Ho on the corrosion resistance 
mainly depends on the distribution and composition of the Ho-containing intermetallic 
phases. Zhou et al. found that the addition of Ho to AZ91D alloys resulted in the 
formation of AlMnHo phase. The newly formed phase reduced the volume fraction of 
Mg-Al phases and purified the Mg alloys, which resulted in enhancement in corrosion 
resistance of Mg alloys. In this study, in comparison to the microstructure of 
Mg1Zr2Sr3Ho, Mg1Zr2Sr5Ho alloy exhibited increased volume fraction of second 
phases along the boundaries, and the EDX mapping of Mg1Zr2Sr5Ho also indicated 
that more MgHo3 phase formed on the grain boundaries. The increased MgHo3 phase 
inevitably boosted the galvanic effects, and then reduced the corrosion resistance of 
Mg1Zr2Sr5Ho alloys. Although Mg1Zr2Sr1Ho displayed the relatively larger grain 
size and less intermetallic phases, it still possessed higher degradation rate compared 
to Mg-1Zr2Sr3Ho alloys. It is notable that there were some alloyed Zr particles in 
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Mg1Zr2Sr1Ho. These unalloyed Zr particles induced defects surrounding, which 
allows the aggressive attack by SBF, and leads to rapid degradation. 
6.9 In vitro biocompatibility of Mg alloys 
In analysing the cellular response to the extracts of Mg1Zr2SrxDy and Mg1Zr2SryHo 
alloys, the experimental results showed that there was no apparently cytotoxicity for 
most of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys. Furthermore, the cytotoxicity of Mg 
alloys had a strong correlation with their degradation rates. Among the Mg1Zr2SrxDy 
and Mg1Zr2SryHo alloys, Mg1Zr2Sr2.08Dy and Mg1Zr2Sr3Ho alloys exhibited the 
relatively lower cytotoxicity after culture in extracts for 5 days, as shown in Fig. 6.11. 
These results were in accordance with Yang et al.’s investigation that the SaSO2 cells 
spread soundly and no negative effect was observed after culture in DyCl3-containing 
medium for 7 days [162]. Zielhuis et al. investigated the long-term toxicity of Ho-
loaded poly microspheres in rats and found that no clinical and biochemical toxicity 
was measured after implanted into rats with Ho-loaded poly for 14 months. As 
discussed in Chapter 2, the cytotoxicity of Mg alloys is strongly affected by the 
metallic ionic concentration in physiological environment. After implantation, the Mg 
alloy implant would react with the chemicals in human body, leading to the 
degradation of Mg alloys. A higher degradation of Mg alloy may generate overburden 
hydrogen gas in short time, leading to the elevated pH value surrounding the Mg alloy 
implants. Meantime, the high degradation of Mg alloys also releases overdose of 
metallic ionic, which simultaneously affects the cell adhesion and proliferation. 
6.10 Summary 
This is the first study to develop quaternary as-cast Mg1Zr2SrxDy and Mg1Zr2SryHo 
alloys as implant materials. Investigations have proved that either Dy or Ho addition 
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to Mg1Zr2Sr had positive effects on the corrosion behaviour and biocompatibility of 
Mg1Zr2SrxDy and Mg1Zr2SryHo alloys. 
(1) The respective compression strength of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys 
was in the range of 296~380 and 232~320 MPa, which meets the requirement in the 
mechanical properties of biodegradation implant. 
(2) The addition of Dy to Mg1Zr2Sr weakens the grain refinement of Zr and Sr. The 
grain size of Mg1Zr2SrxDy alloys increased with the increasing addition of Dy, and 
the Mg2Dy phase formed and distributed along the grain boundaries. Mg alloys with 
the Dy content of 2.08 % had the lower volume fraction of second phases, which 
increased the corrosion resistance. In contrast, the grain size of Mg1Zr2SryHo alloys 
decreased with the addition of Ho. While, the volume fraction of MgHo3 phase 
increased with the addition of Ho, which enhanced the galvanic effects, and thus 
reduced the corrosion resistance from 1% to 5% addition of Ho. The optimal Dy and 
Ho content in Mg1Zr2SrxDy and Mg1Zr2SryHo alloys is 2.08 % and 3 %, respectively. 
(3) The in vitro studies on the cytotoxicity showed that Dy and Ho are biocompatible, 
and they were promising alloying elements for the design of biodegradable Mg alloys. 
This study also found that the biocompatibility of Mg alloys had a strong correlation 
with the degradation rate of Mg alloys. Mg alloys with enhanced corrosion resistance 
exhibited better biocompatibility. 
(4) On account of the excellent biocompatibility and corrosion behaviour of 
Mg1Zr2Sr2.08Dy and Mg1Zr2Sr3Ho, they are recommended as the implant materials 
for bio-medical applications.  
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Chapter 7 
Conclusions 
The driving force of this study was originated from the rapid demand of biodegradable 
implants with enhanced biocompatibility, suitable corrosion resistance and appropriate 
mechanical properties for biomedical applications. Mg exhibits non-toxicity and can 
even stimulate hard tissue recovery after implantation in the human body. This makes 
Mg and some of its alloys promising candidates for biodegradable implant materials. 
Although significant progresses have been achieved in the research of biodegradable 
Mg alloys, there are still very limited Mg-based implants in clinical applications. To 
provide scientific basis for the design of biodegradable Mg alloys, the effects of 
alloying elements on the corrosion and biocompatibility of Mg alloys were 
comprehensively reviewed.  
Effects of Alloying Elements on the Corrosion Behaviour and Biocompatibility of 
Biodegradable Magnesium Alloys 
Currently, the studied alloying elements for Mg alloys can be classified into five 
categories based on the characteristics of alloying element: (a) Bio-functional elements 
(Sr and Ca); (b) Biocompatible element (Zr, Dy and Ho); (c) Essential trace elements 
(Mn and Zn); (d) Toxic elements which should be avoid (Al, Li, Ce, Er, La and Nd); 
(e) No consensus elements (Gd and Y). In reality, some of the alleged “toxic elements” 
used in alloying, such as Li, La, Ce and Nd, have been successfully applied in 
commercial Mg alloys for biomedical applications, and the outcomes after 
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implantation do not indicate that these elements should be absolutely excluded from 
Mg alloying elements for biomedical applications. There is no absolutely harmful or 
beneficial substance, and even pure water can kill at a sufficiently high dose. The 
associated toxicity of different elements is determined by the dose of alloying elements.  
Based on the investigations, Mg-Zr-Sr, Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho alloys were 
fabricated considering the effects of Zr, Sr, Dy and Ho on the microstructure, corrosion 
behaviour and biocompatibility of Mg alloys. 
Biocorrosion of Mg-Zr-Sr alloys for biodegradable implant applications 
In the MgxZrySr alloys (x= 1, 2; y= 2, 5 wt %), fine Zr particles were mainly 
distributed in the Mg matrix, which led to refined grain sizes of the Mg-Zr-Sr alloys. 
However, more defects formed on the surface with the addition of excessive Zr, which 
reduced the biocorrosion resistance. Sr addition refined the grain sizes of the Mg-Zr-
Sr alloys, and it led to the formation of an Mg17Sr2 phase. The degradation rates of 
Mg-Zr-Sr alloys were accelerated with the addition of excessive Sr (2~5 %) due to the 
enhanced galvanic effects between the Mg17Sr2 phase and the Mg matrix. Surface 
characterisation revealed that an Mg(OH)2 film with a porous structure formed on the 
surface of Mg-Zr-Sr alloys with high Sr levels. The porous structural Mg(OH)2 
allowed the penetration of chloride into the interior Mg matrix, speeding up the 
corrosion of the Mg alloys. The Mg1Zr2Sr alloy exhibited a degradation rate 2.74 
times slower than that of pure Mg, which makes it a promising biodegradable implant 
material. 
Effects of second phases on the corrosion behaviour of Mg-Zr-Sr alloys 
In this chapter, heat treatment was carried out on Mg5ZrxSr (x= 0, 2 and 5) alloys in 
order to investigate the effects of second phase on the corrosion behaviour of Mg alloys. 
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It was revealed that heat treatment on Mg5ZrxSr alloys at 580 oC for 2 h dramatically 
changed their grain size, the volume fraction and distribution of the Mg17Sr2 phase. 
The Mg17Sr2 phase exhibited paradoxical effects on the corrosion of Mg5ZrxSr alloys. 
On the one hand, high volume fraction of the Mg17Sr2 exhibited a netlike distribution 
along the grain boundaries and acted as a barrier to corrosion, thus it decreased the 
degradation rate; On the other hand, a low volume fraction of the Mg17Sr2 displayed a 
discontinuous distribution along the grain boundaries and boosted the degradation of 
Mg5ZrxSr. Once exposed to SBF, the Mg matrix adjacent to the Mg17Sr2 phase 
degraded preferentially owing to the galvanic effects between the Mg matrix and the 
Mg17Sr2 phase, and corrosion extended gradually from the regions adjacent to 
boundaries to the central Mg matrix. In the galvanic system, the Mg matrix acts as the 
anodes; while the Mg17Sr2 phase acts as the cathodes. The corrosion process mainly 
comprises three stages. Stage 1 is mainly controlled by the galvanic effects (galvanic 
corrosion). In stage 2, corrosion preferentially initialises at the regions adjacent to the 
Mg17Sr2 phase to the central Mg matrix (preferential corrosion). In stage 3, massive 
corrosion occurs after immersion for a long time in SBF, leading to pitting corrosion 
or degradation of the top surface layer. 
Mg-Zr-Sr-Dy and Mg-Zr-Sr-Ho alloys for biodegradable implant materials 
In this chapter, experimental results showed that either Dy or Ho addition to Mg1Zr2Sr 
exhibited positive effects on the corrosion behaviour and biocompatibility of 
Mg1Zr2Sr alloys. The respective compression strength of Mg1Zr2SrxDy and 
Mg1Zr2SryHo alloys is in the range of 296~380 and 232~320 MPa, which meets the 
requirement for the mechanical strength of biodegradation implant. The grain size of 
Mg1Zr2SrxDy alloys increased with the addition of Dy, and the Mg2Dy phase formed 
and distributed along the grain boundaries. Mg1Zr2Sr2.08Dy alloy contained a 
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relatively lower volume fraction of second phases, and the lower volume fraction of 
second phase led to an increment of corrosion resistance. In contrast, the grain size of 
Mg1Zr2SryHo alloys decreased, and the volume fraction of MgHo3 phase increased 
with the addition of Ho. The increased volume fraction of MgHo3 phase eventually 
boosted the galvanic effects between the Mg matrix and MgHo3, resulted in decreased 
corrosion resistance of Mg1Zr2Sr5Ho alloys. The in vitro assessment results using 
osteoblast cells showed that Dy and Ho are biocompatible, and the biocompatibility of 
Mg alloys has a strong correlation with their degradation rates. Mg alloys with 
enhanced corrosion resistance exhibited better biocompatibility. On account of the 
excellent biocompatibility and corrosion behaviour of Mg1Zr2Sr2.08Dy and 
Mg1Zr2Sr3Ho, they are recommended as candidates for the implant materials.
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Chapter 8 
Suggestions for Future Work 
Based on the results of this study, future research directions can be suggested as 
follows: 
8.1 Quantitatively determine the toxicity of Mg alloying elements  
From the aspect of corrosion mechanism, chapter 2 summarised the influence of the 
most commonly used alloying elements and REEs on the corrosion of Mg alloys based 
on an extensive survey of work accomplished so far. Although it has been known that 
some alloying elements are beneficial to the corrosion resistance, it is still a 
challenging task to fully understand the corrosion mechanism of Mg alloys with 
complicated compositions such as Mg-Y and Mg-Gd based alloys. In addition, the 
structure and phases distribution vary depending on the fabrication process and the 
post-treatment, such that Mg alloys with the same composition or selected from 
different parts of master alloys may show different corrosion behaviour. 
Yuen and Ip [231] summarised the toxicological information from the Agency for 
Toxic Substances and Disease Registry (ATSDR) of the US Department of Health and 
Human Services and the UK Food Standards Agency (FSA), and they recommended 
the threshold implant mass equation for biomedical implants with commonly used 
alloying elements such as Al, Mn and Zn. Nevertheless, for some elements such as Zr 
and REEs, this equation is not reliable due to the lack of sufficient information, despite 
of the great deal of work that has been carried out on the toxicity assessment of alloying 
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elements. A quantitative determination of the toxicity of the commonly used Mg 
alloying elements is still needed. The current work outlined that the negative impacts 
of these elements can exert on human body, and should be taking into considerations 
in design of new biodegradable Mg alloys. Questions still remained, for instance, 
which element is in favour of corrosion? What is the optimal concentration considering 
the biocompatibility? These questions impel further studies of such elements to be 
carried out to ensure the safe usage of these elements in degradable Mg alloys in the 
future. 
8.2 Porous structure of Mg-Zr-Sr alloys 
Porous structure of Mg1Zr2Sr alloy implant may be of more attractive features than 
its solid counterpart because porous Mg alloys allow cell proliferation and 
differentiation inside [248], and offers considerable high surface area of implant. 
However, the increased surface area also indicates more attracts by the reaction with 
chemicals in the physiological environment, leading to the relatively rapid degradation 
rate compared with solid implants. Hence, further work on the corrosion behaviour 
and biocompatibility of porous Mg-1Zr-2Sr alloy needs to be carried out.   
8.3 In vivo studies of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys 
The investigation on the corrosion behaviour of Mg1Zr2SrxDy and Mg1Zr2SryHo 
alloys in SBF has revealed that they have excellent corrosion resistance. However, 
upon implantation, Mg alloys would suffer from complex attacks from blood, protein 
and other constituents of the body fluid such as chloride, phosphate, bicarbonate ions, 
and organic substances of low-molecular-weight species as well as cations. In vivo 
studies of Mg1Zr2SrxDy and Mg1Zr2SryHo alloys can obtain the direct responses to 
CHAPTER EIGHT 
140 
 
the host, which helps to further understand the degradation and biocompatibility of the 
Mg alloys in vivo.  
8.4 Binary Mg-Ho alloys for biodegradable implant materials 
Owing to the increasing price of rare earth elements, the investigation on the 
biodegradable Mg-REEs alloys for biomedical applications is still limited. In 
particular, the current studies on the effects of Ho on the corrosion and mechanical 
properties of Mg alloys mainly involve multi-element additions. Thus investigation on 
the corrosion behaviour and biocompatibility of the binary Mg-Ho alloys should be 
done. 
8.5 Post treatment on the Mg alloys studied in this project 
It has known that the structure and phase distribution of Mg alloys vary depending on 
the fabrication process and post-treatment, such that Mg alloys with the same 
composition or those selected from different parts of master alloys may show different 
corrosion behaviour [243]. In order to improve the properties of Mg alloys, heat 
treatment [88], extrusion [65] and ECAP [9, 159] have been utilised, and some 
researchers obtained promising results attributed to those post treatments. 
Consequently, post treatment could be applied on the Mg alloys studied in this project 
to reduce the defects and achieve grain refinement, which may enhance the corrosion 
resistance. 
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